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ABSTRACT 
Since eutrophication became a widely used terni in tlie late 1940's. much research effort 
has been directed towards understanding eutrophication in lakes. Comparativeiy little. 
however- is known about tlie eutropliication process in rivers despite large increases in 
the concentrations of nitrogen and pliosphorus measured in rivers worldwide. 
Consequently, there is a real need to address the problem of increased nutrient loads 
delivered to lotic systems. To investigate nitrogen and phosphorus loading to streams in 
the Grand River waterslied- empirical modeis were constnicted to predict diffuse sources 
of these nutrients and assessements were made of epilitiiic diatom and rnacroinvertebrate 
communities to determine relationsliips witli watcr quaiity and Iand use. The streams 
selected for investigation were chosen based on land use in their watersheds. The upper 
Iialf of tlie Laurel Creek waterslied and the Carroll Creek watershed are niral and land use 
is rnainly agricultural, whereas the lower half of tlie Laurel Creek watershed is under 
urban develo pment. 
An export coefficient modeling approach was iised to assess the influence of land use on 
phospliorus and nitrogen loading to Laurel Creek and Carroll Creek. Models were 
constructed for the 1995-1 996 water year and calibrated witli + 3 % of observed 
concentrations. Runoff from urban areas contributed most to the loading of phosphoms to 
Laurel Creek and atmospheric deposition was an important source of nitrogen. In the 
Carroll Creek watershed, runoff From non-row crops contributed mosr to both nitrogen 
and phosplioms loading. When the Laurel Creek models were assessed by running tliem 
for the 1977- I 978 water year. using water quality and land use data collected 
independently, predicted concentrations were widiin t 7 % of observed concentrations. 
The Carroll Creek phosphoms mode1 was developed using tlie export coefficients cliosen 
for Laurel Creek, with slight modifications, aqd it is likely that these coefficients will 
perform well in otlier areas of the Grand River watershed, with similar catchment 
characteristics and Iand use. This requires confirmation by testing the coefficients in 
other subcatchments. Difzerent export coefficients were used in two nitrogen models. 
liowever, because the measured nitrogen concentration in Carroll Creek was much hiçher 
than in Laurel Creek. It is this c lex that Furtlier study is required to investigate the use of 
esport coefficient modeling to mode1 nitrogen inputs in rliis area. 
The tzxonornic structure of epilithic diatom and macroinvertebrate communities in Laurel 
Creek and Carroll Creek \vas related to both water chemistry and watershed land use. 
These cornmunities can thus be used as indicators of stream water quality and 
surroundinç land use. Although land use and water chemistry predictors were 
independently related to diatoms and rnacroinvertebrates. a close link was observed 
between land use. water chemistry and the biota. Relationships between epilitliic diatoms 
and total nitrogen and total phosplion~s concentrations were sutticiently strong to develop 
weighted-averaging reçression and calibration models for inferring strearn water 
concentrations of tliese nutrients. The modefs were accurate wiùiin i 2.4 pg/l for 
phosphonis and + 2.0 mg/[ for nitrogen. n i e  models were found to be reliable and 
performed better than other nutrient diatoni-inference rnodels. Epilithic diatoms can 
clearly be used to monitor total nitrogen and total phosphonis in tliesc streanis. 
Overall, there is potential for the results of export coefficient inodeiinç 'and 
bioassessment to be related. Nutrient concentrations predicted empirically could thus be  
used fi~rther to predict impacts on the structure and functioning of strearn cornm~uiities. 
Furthemore. tliese relationships could be used to assess the inipact of proposed 
devebpment, changes in Land use or nutnent control strategies, on stream healtli as 
determined by the biota. These approaclies have utility for evaluating eutropliication. in 
particular nonpoint sources of nutrients. in temperate watersheds. 
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1.1 General introduction 
Eutrophication is the t e m  used to describe the biological effects of an increase in the 
concentration of plant nutrients on aquatic ecosystems (Harper, 1992). The key nutrients 
responsible for eutrophication are nitrogen and phosphoms. The terni has become widely 
used since the late 1940's when scientists began to realize that nutrients entering and 
accumulating in fieshwater systerns fkom anthropogenic sources were having deleterious 
effects on these systems. Since that time, much research effort has been directed towards 
understanding eutrophication in lakes. Comparatively little is known about the 
eutrophication process in rivers. However, rivers worldwide have doubIed their content 
of nitrogen and phosphoms as a result of the effects of man, with local increases in 
Europe and Noah America of up to 50 tirnes (Harper, 1992). Consequently, 
there is a real need to address the problems of increased nutrient Loads delivered to lotic 
systems. 
Elevated loads of phosphorus and nitrogen can have many negative effects on aquatic 
ecosystems (Carpenter et al., 1998). One of the rnost important consequences is the 
increased growth of algae and aquatic macrophytes. The senescence and decomposition of 
these organisms, as weIl as noctumal oxygen consurnption by community respiration, create 
oxygen shortages resulting in fish kills. In some fkeshwater systems, bloorns of 
cyanobactena in particular are a prominent symptom of eutrophication (Carpenter et al., 
1998). These blooms contribute to a wide range of water quality problems including 
summer fish kills, fou1 odours and unpalatability of drinking water. Furthemore, certain 
cyanobacteria release toxins that can kill Iivestock and may pose a serious health threat to 
humans. 
Nitrogen and phosphorus are discharged to rivers fiom a variety of point and nonpoint 
sources (Carpenter et al., 1998; Heathwaite et al., 1996). Point sources of nutrients arise 
through the discharge of industriai effluent and domestic sewage (Heathwaite et al., 1996). 
Industrial processes producing hi$ concentrations oFnltrogen and phosphonis include steel 
production, petroleum production and reiining, pulp and paper. organic and inorganic 
chemicals. phstics and fertilizer production. Nonpoint sources of nutrients include mnoff 
fiom urban areas, highways, forests, pasme, cropland, and rangeland, and inputs from 
atmospheric sources (Carpenter et al., 1998: Hipp et al., 1993). 
En most developed areas of the wcrld. sewage and industrial effluents are treated to reduce 
nitrogen and phosphorus concentrations prior to discharge, and the management of 
Ereshwater systems to improve water quality 11% for decades been directed toward reducing 
point source loadings of these nutrients (Shapley et al.. 1993). However- nonpoint sources. 
particularly fkom agicultural activities, have superseded point source Ioadings in many 
countries (Carpenter et al.. 1998; Duda, 1993). Eutropl~ication controls have mainIy focused 
on point sources because nonpoint sources are difficult to monitor since they involve the 
interaction of a wide range of liurnan-influenced variables. suc11 as Iand use, fertilizer 
application, soi1 type and the hydrological pathways linking the land to rivers and M e s  
(Heathwaite et al.. 1 9%). As point source loadings have been systeniatically reduced. 
diffuse Ioadings have become proportionally more important in overall water quaiity 
management. 
Traditionally, excessive phosphorus inputs have been viewed as the primary cause of 
freshwater eutropliication (Schindler, 1 977). 1 t is possible, however, that in s haIIow Iakes, 
especially tliose dominated in their pristine state by macrophytes. and in some river systerns, 
eutrophication has largely been driven by nitrogen inputs (Moss, 1998; Rott et al., 1998). In 
their study on the Grand River, Rott et al. (1 998) attributed progressing eutrophication fkom 
the 1960's to the 1990's rnainly to significant increases in nitrates. They found that areas of 
the Grand River continue to experience elevated nutrient levels despite efforts to control 
inputs fiom point sources. n i e  consequent luxuriant growths of macrophytes and 
macrodgae are a current management issue, and there is a need to address the sources 
and effects of nitrogen and phosphorus loading to streams in the Grand River watershed. 
The aim my research w m  to model inputs of nitrogen and pliosphorus to tributaries of the 
Grand River. and to determine the maniIistation of these inputs in their effect on the biota. 1 
selected two streams, Laurel Creek and Carroll Creek, to provide a cornparison between 
nird and urban land uses. Diffuse phosphorus and nitrogen loads to these streams fiom their 
catchments were rnodeled using export coefficients. Assessments were made of epilithic 
diatom and macroinvertebrate comrnunities in these streams to determine relationships with 
water quality and land use. and assess their utility in river monitoring. Tliese approaches 
were then compared to make recorrimendations for an overall framework for monitoring 
eutrophication in the Grand River watershed. 
1.2 Export coefficient modeling 
The approach 1 used to model nitrogen and pl~osphoms inputs to the streams from nonpoint 
sources was export coefficient modeling. Unlike traditionai methods for assessing the 
impact of land use change on water quality. which involve the development of detailed 
physically-based models. export coefficient models are very simple (Johnes, 19%). The 
export coenicient modeling approach aims to predict the concentrations of total nitrogen and 
total phosphorus at any site in a stream as a function of the expoa of nutrients from each 
nutrient source in the watershed above that site (Johnes and Heathwaite, 1997). The models 
are c o n s ~ c t e d  using data collected on land cover. such as the area of urban and agricultural 
land, and the input of nutrients through atmosplieric deposition. Export coefficients are 
derived Eom the litenture and results of field experiments to determine the loçs of nutrïents 
from each identifiable source to the stream. Such models provide an effective means of 
evaluating the impact of land use and land management on water quality for surface waters 
on an annual basis (Johnes, 1996). 
In Chapter 2, I describe an export coefficient model 1 developed to predict and evaluate 
phosphoms loading to Laurel Creek from nonpoint sources. Although recent improvements 
in this approach have successfuliy adapted the conventional use of export coefficients to 
accurately predict nitrogen and phosphorus Loading to rivers (Johnes, 1996; Johnes and 
Heathwaite, 1997), tliese models did not include runoff fiom urban areas. Urban runoff c m ,  
however. be an important source of niitrients to nearby watercourses (Hipp et al.. 1993) and 
there is a need to evaluate d i f i s e  inp~~ts  to urbanized streams. In Chapter 3 1 then oudine 
export coefficient rnodels 1 constmcted to predicr nitrogen loads to Laurel Creek. and 
nitrogen and phosphoms loads to Carroll Creek. 
1.3 BioIogicaI assessments 
There are two important arguments in favour of biological monitoring of fieshwater 
systems. Firsdy, because organisms have an integrating response to their environrnent. 
fluctuations in water quality. wliich rnay be missed by intermittent chernical analysis. are 
recorded. Secondly, it can be q u e d  tliat if we wish to maintain healthy. diverse biological 
comrnunities. it is more appropriate to monitor the aquatic comrnunity rather than 
pI~ysicochemica1 variables only (Cos. 199 1 ; Hynes. 1963). 
The choice of bioindicator group must satisQ certain criteria. These inciude, (i) that each 
taxon has precise ecoiogical lirnits to its range which do not Vary unpredictably. (ii) that the 
mges  can be defined. and (iii) that the tason c m  be consistently identified (Cox. 199 1 : 
Hellawell, 1977). These criteria are met by a range of organisms. Within any such group 
however the better understood and more precise the ecological requirements of individual 
taxa, the more accurate the predictions fiom the presence of particular associations. 
Despite the fact that algae are the main primary producers of most rivers in temperate 
regions (Whitton, 199 1) algai methods for monitoring have generally been considered less 
important than microbiological, fish and invertebrate-based methods. Where algai-based 
methods have been put to practical use however, they have been sliown to be successful 
(Whitton, 199 1). Furthemore, over the Iast decade, numerous studies have demonstrated the 
sensitivity of dgae to various human impacts (e.g. Maier and Rott, 1988; Pipp and Rott, 
1994; Rott et ai., 1998) and dgae are included in nationd river surveys worldwide (Whitton 
et al. 199 1). Many practical ripproaches to algal-based methods For monitoring rivers are in 
routine use or are currently being tested. 
The algal comrnunity of low order streams predominantly comprises sessile. benthic species 
(Round, 198 1). This comrnunity c m  be rekrred to by the term "penphyton". wliich is 
defined as "...a cornplex cornrnunity of microbiota attached to inorganic or organic. living or 
dead substrata, including dgae, bacteria. fun& inorganic and organic detritus" ( Wetzel, 
1983). The periphyton is normally a well structured cornmunity consisting of organisms of a 
large size spectruml ranging from a few microns to several centirnetres (Ron. 199 1). The 
iong-term response of penphyton communities to environmental stress is primarily a change 
in species composition (Rott. 199 1 : Round. 1993). Peripliyton algae in general and diatoms 
in particular are especialiy suitable organisms to monitor the effects of both organic 
pollution and eutrophication on rivers (Rott et al.. 1998). 
According to Round ( 198 1). the peripliyton c m  be sub-divided into: 
1) Epilithic forms: algae living on rocks: 
2) Epiphytic forms: algae living on vascular plants or odier algae; 
3) Epipelic forrns: algae living in or on the surface of soft muddy sediments: 
4) Epipsammic forms: algae live in or on the surface of sandy sediments. 
Apart from the saprobic system and observations on particular species, süch as Chdophorcz 
glomeralrc. taxonomically based mediods involvinç algae are largely restricted to diatoms 
(Wt ton ,  199 1). The most widely used methods invoive the epilithic diatoms (Round, 
199 l a  and 199 1 b). Epilithic diatom comrnunities fit the aforementioned cntena required of 
indicator organisms in that they are present throughout the length of a river. they grow in a 
specific, well-defined habitat, they react to changes in water quality, they are free of life- 
cycle stages which may cause the indicator organism to be absent over certain penods, and 
they are identifiable and floras are available (Round, 1993). Diatonzs cm aIso be stored on 
permanent rnicroscopic slide rnounts, providiiig long-term access to samples. Numerous 
studies have demonstrated the sensitivity of benthic diatoms to nitrogen and phosphorus 
concentrations, illustrating their suitability as indicators of the biological effects of 
eutrophication (e-g. Kelly and Whitton. 1995: Pan et al.. 1996: Rott et al.. 199s; Round, 
1991b). 
Of al1 the potential groups of freshwater organisms ti~at have been considered for use in 
biological monitoring, benthic macroinvertebrates are most often recommended 
(Hellawell, 1986). They mainly consist of aquatic insects, mites, molluscs, crustaceans 
and annelids. and there are many advantages of using these orçanisms in water quality 
monitoring (Resh et al., 1996). Like epilithic diatoms, they fi~lfill the critena required of 
indicator organisrns. They are ubiquitous tliroughout river habitats. sensitive to water 
quality, react quickly to peturbations in the environment, are generally sedentary in 
nature allowing spatial analysis of disturbance effects. qualitative snmpling and anaiysis 
techniques are simple and well developed. and the tmonomy of many groups is we11 
known and identification keys are avaïlable. 
Tt should be noted, however, that changes in the structure of stream epilithic diatom and 
macroinvertebrate communities induced by water quality changes can be masked by 
otlier factors (Lowe and Pan, 1996; Resh et al., 1996). Macroinvertebrates in particular 
are influenced by physical substrate features, they have specialized habitat niches and 
specific food requirements (Round, 1993). On the other hand, epilithic diatom responses 
may be influenced by top-down forces acting on the comrnunity (Lowe and Pan, 1996). 
For example, elevated nutrient concentrations rnay result in an increase in algai 
productivity, which in t m  encourages grazing. Thus. biological monitoring data are most 
valuable when more than one component of the biota are assessed. 
In Chapter 4,1 use changes in the structure of macroinvertebrate and epilthic diatom 
communities in Laurel Creek, to assess the influence of urbanization on water quality. As 
well as evaluating cornmunity composition, I determine periphyton biomass and assign 
macroinvertebrate functional feeding groups. I then consider the results of biological and 
water quality monitoring on the stream. in the contest of'current management strategies 
in place for the watershed. 
I take these approaches tùrther in Chapter 5. and evaluate the relationships between the 
structure of these communities in Laurel Creek and Carroll Creek and stream water 
quaIity and catchment land use. There is growing recognition that stream cornmunities 
have potential as biological signatures of catchment condition and such associations have 
been evaluated for rnacroinvertebrates (e-g. Allan et al.. 1997. Richards et al., 1996). 
However, few studies have focused on  Stream diatom communities or both groups 
simultaneously, and evaluating these relationships lias relevmce for developing 
macroinvertebrate and diatom indicators 'as monitoring and assessrnent tooIs for tvater 
resources planning and management. 
1 then use weiglited-averaging regression and calibration in Cliapter 6.  to develop and 
evaluate models for inkrring total phospliorus and total nitrogen concentrations in Laurel 
Creek and Carroll Creek using epilithic diatoms. Using these methods, 1 assess the utility 
of diatoms for monitoring eutrophication in these streams. 
Findly, in Chapter 7 I compare the export coefficient modeling approaches presented in 
Chapters 2 and 3 to the biological assessments presented in Chapten 4 to 6, and rnake 
recommendations towards developing an overail frarnework for monitoring 
eutrophication in the Grand River watershed. 
2.4 Objectives 
The objectives rny research were four-fotd: 
( 1) To evaluate and predict phosphoms and nitrosen inputs to Laurel Creek and Carroll 
Creek from their catclments using esport coefficient modelling. 
(3) To determine the distribution and structure of epilithic diatom and macroinvertebrate 
communities in these streams, and how they relate to water quaiity and catchment land 
use. 
(3) To evaluate relationships between nitrogen and phosphoms concentration and epilithic 
diatom comrnunities. 
(4) To compare these approaches for monitoring rivers and make recornmendations towards 
devetopine; a framework for monitoring eutropIucation in the Grand River waterslied. 
1.5 Hypotheses 
n i e  following hypotheses were examined: 
(1) An export coefficient modeling approach will effectively describr nitrogen and 
phosphorus Ioading to Carroll Creek and Laurel Creek. 
(2) There are measurable relationships between both epilitliic diatom and 
macroinvertebrate communities and catchment land use and water quality in these 
streams. 
(3) There are measurable relationships between epilithic diatoms and total nitrogen and 
total phosphorus concentrations in streams. 
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2. EXPORT COEFFICIENT MODELLNG TO &4SSESS PHOSPHORUS 
LOADING IN AN URBAN WATERSHED ' 
2.1 Abstract 
An export coefficient modelin; approach \vas used to assess the influence of land use on 
phosphorus loading to a Southern Ontario strearn. A mode1 was constnicted for the 1995- 
1996 water year and calibrated within f 3 % of the observed mean concentration of total 
phosphorus. It was found tliat runoff from urban areas contributed most to the loading of 
phosphoms to the Stream. When the mode1 was assessed by running it for the 1977-1978 
water year using water quality and land use data collected independently, agreement 
wivithin + 7 % LW obtained. The mode1 \vas then used to forecast the impact of future 
urban development proposed for the watershed in terms of phosphoms loading, and to 
evaIuate the reduction in Loading resulting from several urban best management practices 
(BMP). It was determined that pliospliorus removal will have to be applied to al1 the 
urban runoff from the watershed to appreciabiy reduce strearn phosphorus concentration. 
Of the BMP's assessed, an infiltration pond design resulted in the greatest phosphoms 
Ioad reduction, 50 % from the 1995- 1996 baseline. 
2.2 Introduction 
The importance of phosphorus in the eutrophication of Fresh waters has been well 
documented (Lee et al., 1978). Phosphorus is the key limiting nutrient for aquatic plant 
growth in many fieshwater systems. Increased phosphorus Loading to these systems may 
cause excessive algal and macrophyte growth, and consequent environmental 
degradation. Phosphorus loads originate from a variety of anthropogenic point and 
nonpoint sources, of which urban and agricultural runoff and sewage effluent are 
particularly important. 
' Based on a paper submitted to the Journal o f  the American Water Resources Association. Co-author H.C. 
Duthie. 
The export coefficient rnodeling approacli was originally developed in North Arnenca to 
predict nutrient inputs to Iakes and streams (Beaulac and Reckhow, 1982; Dillon and 
Kirchner, 1975; Omernik 1976; Rast and Lee, 1983 and Reckhow et al., 1980). The use 
of nutrient export coefficients for estimating loads of nitrogen and phosphoms is based on 
a knowledge that, for a given climatological regime- specific land use types will yield or 
export characteristic quantities of these nutrients to a downstream waterbody over an 
annuai cycle ( R a t  and Lee, 1983). Knowing the area of land in a watershed devoted to 
specific uses and the quantities of nutrients exported per unit area of these uses (i.e.: the 
nutrient export coefficients) it is possible to estimate total annual loads of phosphorus and 
nitrogen to a waterbody frorn non-point sources. 
Recently, this technique has been successfuIly modified and used to determine nutrient 
loads to surface waters in Britain (Johnes, 1996: Jolines and Heathwaite. 1997: Johnes et 
al., 1994; and Johnes, et al., 1996) and was used to estimate nutrient loading from 
nonpoint sources to rivers in Northem Canada (Chambers and Dale, 1997). Export 
coefficient modeling has a number of advantages over more detailed, process-based. 
modeling techniques, in particular the simplicity of mode1 format and operation of the 
mode1 using a spreadsl-ieet (Jolmes. 1996). The approach relies on data frorn readily 
available sources, has relatively few data requirements, can be easily calibrated and 
provides a relatively inexpensive, robust means of evaluating the impact of land use and 
land management on nutrient loading to sufiace waters. 
The objectives of this study were 1) to construct a phosphorus export coefficient mode1 
for the Laurel Creek watershed, 2) to forecast the impact, in terms of phosphorus loading, 
of £utme urban development proposed for the watershed, and 3) to illustrate how this 
approach might be used for watershed Land use planning and decision making. 
2.3 Site description 
Laurel Creek is approximately 20 km Long with a watershed area of 74.4 km' (see Fig. 1). 
It flows into the Grand River in Southern Ontario. wIUch is in the Lake Erie watershed. 
The topography varies from gentle. long siopes (04% simple) to short and steep slopes 
(N2% cornplex) (GRCA, 1993). The most common soils are rnembers of the Brant 
Waterloo and Burford Fox associations. loarn with some silt Ioam and clay sand formed 
on oubvash and lacustrine deposits (Presant and Wicklund. 1971). 
Laurel Creek drains most of the [and area within the City of Waterloo and much of the 
low-er half of the watershed is under urban development. Land use in the upper half of the 
watershed is largely agricultural, consisting maidy of commercial crop production 
(GRCA. 1993). Urban development is currently extending into the agricultural area. and 
further expansion is plamed to accoinmodate the forecasted population growtl~ in the 
watershed (City of Waterloo. 1988: 1998). 
2.4 Methods 
2.4.1 Mode iiizg procrd~we 
The modeling procedure used, based on that outlined by Johnes (1996). Joiines et al. 
(1 996) and Reckliow et al. (1 980). is briefly presented here and outlined in more detail in 
Chapter 3. A simple ernpirical model was constructed for the 1995- 1996 water year. with 
total phosphoms load transported by the stream predicted as the s u m  of the export of 
phosphoms from each nutrient source in the watershed. The model equation used for t h  
Laurel Creek watershed kvas: 

where L was the nutrient Ioad delivered to ~ h e  Stream: E \vas t l x  esport coefficient 
selected for nutrient source i: A was the area of the watershed occupied by [and use type i; 
and P \vas the input of nutrients frorn precipitation. The export coefficient, Ei. expressed 
the rate at which pliosphorus was transported from eacli land use type in the watershed 
and was selected from the literature. The phosphorus load esported to the stream from 
inputs through precipitation (P) was caiculated as: 
where d was the areal deposition rate of phosphonis in kghdyr,  n was the area of the 
watershed and Q \vas the percentage of total annual rainfall lost to runoff. 
Using measurements of total annual discharge. the model predictions were expressed as 
mean annual concentration of total phosphonis in tlie stream. The model \vis then 
calibrated against observed total phosphorus concentration. A sensitivity analysis was 
conducted to determine which of the export coefficients exerted greatest influence over 
model output. Each of the export coefficients was. in tum. altered by 10 % while the 
other coefficients were kept constant. and the overall change in the mode1 prediction was 
assessed. This information was used to revise the selection of those coefficients exerting 
greatest control over model output. The modei was then run again with the new export 
coefficients and calibrated against the phosphonis data CO llected until tlie model predicted 
tvith f 5 % of observed loads. 
The calibntion procedure was then objectively assessed by ruming the rnodel for the 
1977-1 978 water year using independent data collected in the Laurel Creek watershed on 
changing land use, agricultural practice and total phosphorus load. Phosphorus data was 
available for 1970- 1978 but prior to 1977 combined sewage overflows were discharged to 
the creek and the model was oniy nin for the 1977-1 978 water year. To  run the rnodel 
over the entire period would have involved selecting and calibrating new coefficients for 
phosphonis in sewage, and an objective assessrnent of model calibration would not have 
been achieved. Assessrnent of the model sliould ideatly be camed out over several years 
to establish a relationship between predicted and observed phospl~orus loads. but water 
quality data for the 1978-1 995 prriod was not available for Laurel Creek. 
Finally, the model was used to forecast the impact. in terms of phosphonis load. of future 
urban development in the watershed. To illustrate how this approach can be used in 
watershed land use planning and decision making. several best management practices 
(BMP) designs for phosphonis removal from urban ninoff were assessed rising the model. 
To determine the observed total pl-iosphonis Ioad, water samples cvere collected at the 
rnouth of Laurel Creek weekly, biweekly or monthly over the 1995- 1996 water year. The 
cvater year ran from September. 1 1995 to Arigust, 3 1 1996  starting from the rnonth with 
the lowest mean discharge (Gordon et al.. 1994). Sampling intensity was focused to 
include several storm and snow melt events and a totaI of 2 1 samples were analyzed. 
Water was collected in l~ydrocl-iloric acid-rinsed bottles, and total phospliorus 
concentration was rneasured as phosphate using the ascorbic acid method following 
oxidation with persulfate under pressure (Parsons et al.. 1984). Total pl-iosphonis data for 
1970- 1975 were obtained from the Ontario Ministry of Environment and Energy and 
phosp ho rus cvas anal yzed according to standard methods O utlined in their analytical 
protocol (OMOEE, 198 1). Sarnple size for this data ranged fkom 1 1 - 16 per year. 
Precipitation data for 1970-1 997, measured at the Waterloo-Wellington station, was 
obtained from the Ontario Climate Centre. Environment Canada. 
Discharge data were collected by the Water Survey of Canada. The gauged site on Laurel 
Creek is Iocated upstream of the mouth of the creek, so downstrearn discharge had to be 
estimated. Discharge rneasurements were made, under varying flow conditions, at the 
mouth of the creek over a bvo month period in 1997, to develop a relationship cvith 
discharge at the gauged site ( ~ 2  = 0.94) (Winter. unpublished data). Estimates obtained 
using tliis relationship agrerd closely with those calculated by adjusting h r  the difference 
in cvatershed area between the two sites. using an eqtiation outlined in Gordon et al. 
(1 994). 
Land use in the Laurel Creek waterslied for 1995-1996 wris compiled using maps from 
the Ontario agricultural resource inventory (OMAF. 1983). maps and information 
contained in GRCA (1993). data collected in the 1996 agricu1tural census (Statistics 
Canada, 199G), and the 1997 City of Waterloo zoning map. Land use for the 1977-1978 
mode1 was determined using Grand River Conservation Autliority reports and maps 
(MacMillan. 1978: Veale, 198 1) and information from the 1976 agricultural census 
(Statistics Canada. 1976). A report obtained From the City of Waterloo ( 1998) was used 
to ascertain the staging of Future urban development in the \vaterslied. 
2.5 Results and discussion 
3.5. I Ekport coe fficien f seiection 
The export coefficient for the loading of phosphonis From woodland areas in the 
waterslied was selected to reflect the forest type. which was rnainly mixed deciduous, and 
geology. A value of O. 1 kgAidyear was cliosen based on Dillon and Kirclmer's 1975 
study on Ontario watersheds. Chambers and Dale (1997) summarize export coefficients 
for 198 North Amencan watersheds prïmarïly draining crops, and calculated an average 
of 0.3 kg/ha/yr (S.E. f 0.02 kg; range 0.1-0.39). Soi1 erosion and, consequently, total 
phospliorus loss in runoff, are greater in row crops than non-row crops. Based on the 
large proportion of non-row crops çrown in the Laurel Creek watershed (mainly a mixed 
grain system which usually consists of oats and barley. and may include wheat), a Iowa  
export coefficient of 0.25 kg/ha/yr was selected. Grazing in the watershed is not intense 
and Pasture areas are generally unimproved. A coeîlicient of O.? kdhdyr was selected. 
whicli was the Iowest value in the range For Canadian pnstiire areas presented by 
Chambers and Dale (1997). The input of phosphorus to the watershed via atmospheric 
deposition, 0.2 kghdyr ,  was taken from Kuntz (1980). The percentage of total annual 
rainfdl Lost to runoff was 30 % (Winter. unpublished data). Reckhow et al. (1 980) Iist 
urban export coefficients ranging tiom 0.19 to 6.23 k g h d y r  (rnean 1.9 1. S.D. 1.79). A 
relatively low export coefficient of 0.5 k@ha/yr \vas selected to reflect the large 
proportion of low-density and mid-density residential development. Combined sewage 
overflow is diverted from Laurel Creek and sorne urban stormwater runofi' from the 
watershed thus bypasses the Stream. 
[rents were not Export coefficients for rural pop~ilations us ing pliosphorus-free deter, 
available and phosphonrs inputs from septic systems were not included in this model. 
Vollenweider (1 971) and Reckhow et al.. ( 1980) state tliat 50 % to 100 % of the 
phosphonis input to aquatic systems from human \vaste is due to pliosphorus containing 
detergents. These are no longer used in Canada and it was thus assumed that septic tanks 
are not an important source of phosphonis in the watershed. Aquatic birds are also 
potential contributors of phosphoms to urban lakes at certain times of year (iVanny et al.. 
1994; Moore et al., 1998). Tliese have not been quantified for the man-made lakes in the 
Laurel Creek system and were not included in this rnodel. 
The export coefficient rnodel for Laurel Creek predicted within + 3 % of observed total 
phosphorus load (Table I and Fig. 2). Runoff from the urban area contributed rnost to the 
loading of phosphorus, followed by commercial crop production. On conducting a 
sensitivity analysis, phosphonts concentrations in Laurel Creek were found to be most 
strongly detemined by export fiorn urban areas. cropland and atmospheric sources 
respectively (Table 2). These observations correspond to those made by Rast and Lee 
(1983) who determined that, for U.S. waterbodies, the annual loading of phosphoms fiom 
urban areas was twice tliat from rural/agriculturai areas. Beaulac and Reckhow (1 982) 
found that average annual phosphonis loading froin urban areas kvas higher than from 
areas of non-row crops and Pasture. 
Table 1. Export coefficient modeI for Laure1 Creek construcred for clle 1995- 1996 water year 
Phosphoms input Pliosphorus esport Phosphoms toad (ks) 
Nutrient source Area (ha) (kglhdyr) coeftkient 
(kghalyr) 
Urban 3073 O -5 1537 
Crops 3 263 0-25 816 
Pas tu re 1 05 0.1 3 1 
Woodland 676 O. t 68 
Atmospheric 744 I O 2 30 96 of input 44G 
Total predicted toad 288s 
Table 2. Sensitivity analysis tor the Laurel Creek esport çoefticictit mode1 
% Change in 
mode1 output by 








On assessing the mode1 by ruming it usinç independent data collected for the 1977-1 978 
water year, the prediction was within t 7 % of observed phospliorus concentration (Table 
3 and Fig. 2). Bebveen 1977 and 1996, the urban area increased by 864 ha, encroaching 
on the agricultural and woodland areas. This increase in urban development resulted in 
an increase of 423 kg in the annual total phosphoms load to Laurel Creek. 
Phosphoms loading fiom urban areas originates from a varïety of sources, including 
runoff from roads, parking lots, roofs, lawns and driveways (Bannermann er al., 1 993). 
Inputs rnay be in solubie forms of phosphonis or bound to particles of dust and dirt, and 

may enter nearby strearns directly. tlirougli uncontained runoff. or via storm-scwer 
outfalls. In residential areas. like tliosr predominant in the Laurel Creek watershed. lawns 
Table 3. Assessment of  Laurel Creek export coefficient mode1 using 1977- 1975 data 
Phosphoms export 
Phosphorus input coefficient Pliosphorus Ioad 
Nutrient source Area (lia) ( k d h d y r )  (kg11 dyr)  (kg) 
Urban 2181 0-5 IO19 
Crops 3 504 
Pasture 395 
Woodland 959 
A trnospheric 744 1 0 -2 30 % of input 446 
Total predicted Ioad Z5GS 
are the major source of phosphorus (Bannemann et al., 1993). Urban populations in 
North Amenca generally place empliasis on lawn lnndscapes and. in certain hiph 
maintenance areas. yearly phosplionis applications rn- esceed 1 00 kglia (Hipp rr al.. 
1993). 
Before the bypass of the combined sewage overtlon- from Laurel Creek to the Grand 
River in 1977. mean annual total phospliorus concentrations in Laurel Creek were highly 
variable (Fig. 2). Combined sewage overflows discharge partially treated or untreated 
sewage and ~irban storrnwater to streams or lakes during periods of liigh tlow. such as 
snowmelt and stormevents (Sullivan et al.. 1975). Prior to 1974 tliere \vas no phosphorus 
removal at the sewage treatnient plant. and in 197 1 and 1974 the highest concentrations, 
0.24 and 0.37 mg/l respectively, and greatest variabiIity were observrd. Mean annual 
concentrations ranged between 0.07 and 0.1 3 mg/[ from 1974 - 1996. Before the bypass 
was put in, combined sewage overflow clearly dominated phosphorus loading to Laurel 
Creek, particularly during certain years, and would have been related to the frequency of 
storrn and snowrnelt events. 
Using the mode1 to forecast total phosphorus loads resulting fiom urban development 
planned for the Laurel Creek watershed, a potential increase in total phosphorus loads up 
to 3423 kg was predicted. represrntinp a 19 % increase froiii 1995- 1996 loads (Fig. > ). 
Urban land use at tliis time would occupy 4906 ha. 66 % of the watershed area. 
The current. past and predicted future phosphorus concentrations are considerably higher 
than 0.03-0.05 mgl. the Ontario Ministry of Environment and Energy guideline for 
allowable total phospliorus in rives and streams to prevent excessive aquatic plant 
nrowth (GRCA. 1982). The nuisance groWti1 of aqtiatic plants is a management concern z 
in the Grand River watershed because of the associated reduction in aesthetic quality and 
degradation of fis11 habitat. At certain periods during the summer. nocturnal plant 
respiration resuIts in dissolved oxygen Ievels falling below requirements for fis11 survival 
(Mason et al.. 1989). Osygen deficits also Iimit the natural ability of the Grand River to 
assimilate sewage effluent discllarge from the major urban centers dong the river (Draper 
& Weatherbe. 1995). Rediicing the input of p11osplionis to the Grand River is an ongoing 
management concern. and the importance of non-point sources is increasingly being 
recognized. 
There are several management options to reduce the loading of phosphorus from the 
existing and planned urban developnient. One option to reduce phospliorus runo ff from 
lawns and gardens is to grow resource-efficient plants tliat are well adapted to the area 
and thus have Iower water and chernical input requirements (Hipp et al.. 1993). Kentucky 
bluegrass (Poo pi-ufemsir.). one of the rnosr widely used turfgrasses in Ontario. for 
example, requires fertile soils, wliereas creeping red fescue (Fesi,<cn rubvn) is more 
tolerant of infertile conditions (OMAF, 198 1). Improved, low maintenance, turfgrass 
cultivars are continually being developed (Scliultz, 1989). Indigenous vegetation. which 
is adapted to the area, requires less maintenance than otiier plants and the use of such 
species in landscaping should be actively encouraged. Where fertilizers are needed, 
homeowners, gardening firrns and landscapers should be encouraged not to over-fertilize. 
To most effectively educate such consumers, sales representatives and others interacting 
closely with consumers must first be educated (Latimer et al ., 1 996). 
BMP design options 
Other options to control nmoff tend to be either structurally intensive and expensive or 
nonstructural and less costly. These includt' infiltration practicrs such as porous or 
permeable pavements. infiltration basins and infiltration trenches: sedimentation practices 
such as detention basins and retention basins: wetland systems; and ~.egetated briffer 
strips (Scholze, 1993). A control program for stormwater discharges n~ust  be developed, 
focusing on the water quality problems caused by phosphorus for sites along the creek 
(Lee and Jones-Lee, 1993). These have been evaluated in a recent watershed study 
(GRCA, 1993) and should be considered in developing and implernenting BMPYs. 
Typically. a combination of practicrs wili be required to et'fectively control pIiosplionis 
loading from the irrban area (ScIiolze et al.. 1993). 
The degree of pliosplionis removal by tliree BMP designs from Scheler (1987). 
presented in the Laurel Creek watershed study (GRCA. 1993). were evaluated using the 
LaureI Creek mode1 (Fig. 3). BMP design 1 is an extended detention pond system, where 
first-flush runoff volume was detained for 6-1 1 hours. with an estimated phosplionis 
rernoval of up to 40 %. BMP design 2 is a 100 ft wide forest filter strip with level 
spreader, with an estimated phosphorus removnl oTrip to 60 %. BMP design 3 is an 
infiltration pond design which exfiltrates one inch runoffvolume per impervious acre and 
removes up to 80 % of the phosphorus. These were considered for a) runoff from the 
proposed new development: and b) al1 urban ninoff. including that from proposed 
development- 
Applying these management options to the new urban development only would have little 
(up to -7 % cl-iange from the1995-199G load) impact on the Laurel Creek phospI-iorus 
load. BMP designs 2 and 3. when applied to dl the urban runoff. would result in 
appreciable reductions in phosphorus load, -33 % and -50 % respectively. Phosphoms 
concentration would thus be reduced to approximately 0.08 mg/l or 0.06 mgA, closer to 
the 0.03-0.05 mg/l target for the Grand River (GRCA, 1982). To evaluate these options 
filly, their cost and rernoval rates for other pollutants of concem would need to be 
considered, as would combinations of design options. 
h important limitation of the export coefficient modeling approach in general is that the 
export coefficients selected cannot be veritied fully for the research site witliout 
considerable espenditure on tïeld esperirnental work (Johnes. 1996). A furtlier limitation 
is that given the importance of liydrological pathways in determining nutrient delivery to 
surface waters, and the variations in available transport mechanisins over the m u a 1  
cycle. the model cannot predict in real time. Another limitation is that phosphoms uptake 
in the Stream is not included in the mode1 as it is liigiily variable and difficult to quantify. 
but it can be considerable in certain streams at certain times of year (Mulholland et al.. 
1997). Tlie buffering capacity of riparian vegetation is also not. at present. included in the 
model because data are not available as generally applicable retention coefficients for 
these zones (Johnes, 1 996). 
There are srveral specific limitations of the mode1 developed for the Laurel Creek 
system. An irnpoaant one is that only phosphorus loading was considered in tliis mode[, 
but there are many other poliutants in urban and agricultural mnoE tliat may potentially 
degrade water quality. Esamples from agricultrti-al and urban development are pesticides 
and nitrogen. and froni highways and the urban area. heavy metals. road salts and 
petroleum hydrocarbons (Marsalek et al.. 1 997 and Skinner et al.. 1997). Tliese pollutants 
should also be evaluated and considered in developing BMP's for controllinç stormwater 
discharges and agricultural runoff' to Laurel Creek. A furtIzer limitation is that 
phosphoms retention and release coefficients for the shallow, eutrophic. surface-release 
reservoirs in the system were not included in the model as generally applicable 
coefficients for such systems were not available. Finally. the objective assessrnent phase 
of the modeling procedure was limited to one year and results thus have to be interpreted 
with caution when used in a management context. 
2.6 Conclusions 
Despite the limitations of the model developed. esport coefficient modeling provided a 
simple. reliable approach to evaiuate phosphoms loading to Laure1 Creek. The model was 
calibrated witliin k 3 % of observed Ioads for 1995-1996. and when objectively assessed 
by running it for the 1977-1975 water year. tlie predicted load \vas ui th in  + 7 % of the 
observed load. The model provided a simple tool for forecasting, in terms ofphosphoms 
loading, the impact of filtue urban development planned for the Laurel Creek watershed. 
Several urban BMP designs were evaluated for phosphorus removal. and it was 
determined that pliospliorus removnl will have to be applied to all the urban runoff fiom 
tlie watershed to appreciabiy reduce concentratiotis in Laurel Creek. 
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3. EXPORT COEFFICIENT MODELING TO ASSESS NITROGEN AND 
PHOSPHORUS LOADING TO CARROLL CREEK, AND NITROGEN 
LOADING TO LAUREL CREEK 
3.1 Abstract 
Expoa coefficient modeling was used to assess phosphorus and nitrogen loading to 
Carroll Creek and nitrogen loading to Laurel Creek. Models were constnicted for the 
1995-1996 water year and calibrated within k 3 % of observed concentrations. The 
Carroll Creek phospliorus model was developed usinç tlie export coefficients presented 
for Laurel Creek in the previous chapter, with some modification to separate row and 
non-row crops and to account for tlie intensity of grazing in tlie watershed. Although data 
were not available to assess the model, it was based on the Laurel Creek which proved 
reliable when objectively assessed. and it is likely that tliese coefficients will perform 
well in otlier areas of the Grand River watershed with simihr land use and watershed 
characteristics. Overall. non-row crops contributed most to the loading of phosphonis to 
Carroll Creek. and atmospheric deposition and row crops were also important sources. 
Assessrnent of the Laurel Creek nitrogen model using 1977-1978 data was s~~ccessful. 
predictions were within ic 6 % of observations. To calibrate the Carroll Creek model. 
however, very different export coefficients were required because the measured nitrogen 
concentration in Carroll Creek was much higlier than in Laurel Creek. Atmospheric 
sources sontributed most to the loading of nitrogen to Laurel Creek, followed by m o f f  
fiom urban areas and non-row crops. Non-row crops contributed rnost to the loading of 
nitrogen to Carroll Creek, and row-crops and atmospheric deposition were also important 
sources. However, since the coeffîcients were so different in the models, it is clear that 
they are not widely applicable to other areas of the Grand River watershed and further 
study is required to investigate the use of export coefftcient modeling to model nitrogen 
inputs in this area. 
3.2 Introduction 
Traditional approaches for assessing the impact of land use change on water quality have 
involved the development of detailed physically based models (Johnes, 1996). Such models 
predict changes in water quality in real time and work well in small watersheds. and in the 
tvatersheds for which they were constructed. They are. hotvever, expensive to construct and 
diEcuIt to calibrate. owing to their high data requirements. In addition. these rnodels 
atternpt to predict nitrate or ortl~ophosphate concentrations in sufiace waters. To evaluate 
nutrient loading from nonpoint sources. manageable. retatively inespensive models are 
desirable, provided they are accurate and capable of prediction. They also need to be abie to 
predict total nitrogen and total phosphoms concentrations in order to assess the total load 
delivered to the waterbody. 
In tlie 1 970's. a number of investigators in North Arnerica deve toped models for 
quantitatively estiiiiating and evaiuating the Ioading of nutrients to strearns and takes using 
export coefficients (Beaulac and Reckhow. 1982; Dillon and Kirchner. 1975; Ornernik, 
1976; Rast and Lee. 1983; Reckliow and Simpson, 1980: Reckhow et al., 1980). The use of 
nutrient export coefficients for estimating loads oFnitrogen and phosphoms is based on the 
knowledge that, for a given climatological regime. specific land use types will yield or 
export characteristic quantities of these nutrients to a downstrearn waterbody over an annual 
cycle (Rast and Lee, 1983). Knowing the area of land in a watershed devoted to specific 
uses and the quantities of nutrients exported per m i r  area of these uses (Le.: the nutrient 
export coefficients) it is possible to estimate total annual loads of phosphoms and nitrogen 
to a waterbody fiom nonpoint sources. 
The export coefficient modeling approach, therefore, aims to predict the concentrations of 
total nitrogen and total phosphorus at any site in the surface water drainage network of a 
drainage basin as a function of the export of nutrients fiorn eacli nutrient source in die 
ca tchent  above that site (Johnes, 19%). Recently, export coefficient modeling has been 
successfùIly modified and used in Britain (Jahnes, 1996; Johnes and Heathwaite, 1997). It 
has also been adapted to allow detemination of nutrient loadings delivered to lakes in 
England and Wales, in the development of a new kS;e classification and monitoring scheme 
for the National Rivers Authority (Johnes et a1..1994). and \vas used to estimate nutrient 
Ioading frorn nonpoint sources to nvers in Northem Canada (Cl-ianlbers and Dale. 1997). 
The models developed for nven in Britain predicted total nitrogen and total pliosphor~is 
concentration with high precision (>95 % of the variance in observed data e'tplained) 
(Johnes et ai.. 1996). One recent study incorporated esport coeflicient modeling into a 
cornputer based model. WATERSKEDSS. ~isinç geographical information systems to 
evaluate nutrient loading under alternative land treatment scenarios (Osmond et al.. 1997). 
The export coefficient modeling approach has a number of very clear advantages over more 
detailed. process-based niodeling approaches. in particular the simplicity of the model 
format and the opemtion of the mode1 using a spreadsheet system. The nlodel provides an 
effective means of evaluating the impact of land use and land management on water quality 
for surface waters on an annual basis (Johnes, 1996). The rnodel predicts and is calibrated 
against total nitrogen and total pliosphonis concentration data. tliereby reducins the 
problems inherent in predicting the concentration of individual nutrient frictions which may 
be IiighIy labile. 
Since this approach cvas developed. the only use of esport coefficient modeling to evaluate 
nutrient loading to rivers in Canada lias been in the Northern River Basins study (Chambers 
and Dale, 1997). The effectiveness of such models when constnicted to predict the loss of 
nitrogen and phosphorus fkom complex British catchments (Johnes et ai., 1994 ; 1996) 
demonstrates the potential of this approach in the management of nonpoint source Ioading 
of nutrients to Canadian nvers. Recently, developments in this approach have focused on 
agicultural rather than luban nonpoint sources of nutrients. yet urban runoff may contain 
significant levels of nitrogen and phosphorus (Hipp et al., 1993). 
The airn of this and the previous chapter, was to adapt the export coefficient modeling 
approach to evaluate nitrogen and phosphorus loading to two tributaries (one half urbadhalf 
rural and one rural) of the Grand River From nonpoint sources. In chapter 7, this evaluation 
of eutrophication  vas compared to the results of an assessment of stream benthic diatoms 
and macroinvertebrates. In the previous chapter. export coefficient modeling was used to 
assess the influence of Land use phospl-ionis loading to Laurel Creek. The objectives in 
this chapter were 1) to constmct and evaluate a nitrogen esport coefficient rnodel for 
Laurel Creek, 2) to constmct and evaluate nitrogen and pliospliorus esport coefficient 
models for Carroll Creek and 3) to discuss tiiese models and tlie rnodel presented in the 
previous chapter. 
3.2 Site descriptions 
Laurel Creek is approximately 20 km long with a viatershed area of 74.4 km'. I t  flows 
into the Grand River in Soutliern Ontario, whicli is in the Lake Erie watershed. The 
topography varies fronl gentle. long slopes to short and steep slopes (GRCA. 1993). 
Laurel Creek drains most of the land area witliin the City of Waterloo and much of the 
lower haIf of tlie waterslied is under irrban devetopment. Land use in the upper 11alf of the 
watershed is Largely agricultural. consisting mainly of commercial crop production 
(GRCA. 1993). The most cornmon soils in tlie agricultural area are rnembers of the Brant 
Waterloo and Burford Fox associations. loam with some silt l o m  and clay sand fomed 
on outwash and lacustrine deposits (GRCA, 1993; Presant and Wicklund. 1 97 1). Five 
impoundments exist dong Laurel Creek, sorne with a relatively high water storage 
capacity. 
3.3-2. Carroll Creek 
CarrolI Creek is approximately 20 km long with a watershed area of 69.2 km'. It is also a 
tributary of the Grand River, flowing into the river about 2 km downstream of the town of 
Elora. Land use throughout the watershed is predominantly agricultwd, consisting of 
crop and livestock production. The topography is mainiy gentIy rolIing, with sorne short 
and irregular steep slopes (Hoffman et al., 1963). The most important soils is the area are 
silt. clay and sandy loarns of the Harriston senes, in particular Brant Haniston 
asscociations, and of the Huron series, formed on glacial till and lacustrine deposits. 
3-4 Methods 
The modeling procedure used \vas based on that outlined by Johnes (1996), Johnes et al. 
(1996) and Reckhow et al. (1980) (Fig. 1). information was obtained from existing 
databases on discharge. land use and catchment characteristics for the 1995- 1996 water 
year. Rates of nitrogen and phosphorus export from each type of land use were then 
selected from the avaiIabIe literature. 
Using this information, simple empincal models were constmcted in a spreadsheet to 
predict total phosphorus and total nitrogen load transported the streams as the sum of the 
export fiom each nutrient source in tlieir watersheds. For bot11 study watersheds, the 
mode1 equation used was: 
where L was the nutrient load delivered to the Stream (kg); E was the export coefficient 
selected for nutrient source i (kgha); A was the area of the watershed occupied by land 
use type i (kg); and P was the input of nutrients fiom precipitation (kg). P was calculated 
as: 
where d \vas the annual areal deposition rate ofphosphonis or nitrogen (kgha). a was the 
area of the watershed (ha) and Q was the percentage of total annual rainhll [ost to runoff. 
Q was calculated as: 
where R was the mean annual runoff(rnm) and p \vas tlie total annual precipitation (mm). 
R was calculated usin; the equation: 
wliere F is the mean annual flow volume (million n?) and cr is the catcliment area (km'). 
Using measurement of total annual discharge. the rnodel predictions were expressed as 
mean annual Stream concentrations. The models were then calibrated against observed 
concentrations. A sensitivity malysis was conducted for each mode1 to determine wliich 
of the export coefficients exerted greatest control over mode1 output. Each of the 
coefficients \vas- in hm. altered by 10 % whiie the other coefficients were kept constant. 
and the overall cl-iange in mode1 output assessed. This information was used to revise the 
selection of those coefficients exertin; greatest control over mode1 output. The model 
was then run again with the new export coefficients and calibrated against the obsemed 
data until the rnodel predicted within + 5 % of rneasured concentrations. For each land 
use type, extreme land use changes were then assessed by comparinç the change in rnodel 
output if that land use type were to cover the entire watershed area. 
For the Laurel Creek nitrogen model, the calibration procedure was objectively assessed 
by running the model for tlie 1977- 1978 water year, using independent data collected in 
the Laurel Creek watershed on changing land use, discharge, agricultural practice and 
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Figure 1. FIow diagram of the export coefficient rnodeling procedure (adapced from 
Johnes et al., 1996) 
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predicted and O bserved concentrations. Past data were no t availabie to assess tlie Carroll 
Creek rnodel, 
To detemine mean annual concentrations of total nitrogen and total phosphorus, water 
samples were collected at a sampling frequency varying from weekly to montlily over the 
1995-1 996 water year. The water year ran from September 1 - 1995 to August 3 1. 1996. 
stai-ting from the month with the lowest mean discllarge (Gordon et al.. 1994). Sarnples 
were collected at tlie mouth of bot11 streams. and sampling intensity was adjusted 
throughout tlie year to include Storm and snow melt events. A total of 21 samples were 
analyzed for phosphonis and 19 for nitrogen. Water was collected in 10% hydrochlonc 
acid-rinsed bottles. and total phosphorus concentration was n~easured as phosphate using 
the ascorbic acid method followinç osidation with persulfàte under pressure (Parsons et 
al., 1984). Total nitrogen concentration was rneasured as nitrate following digestion with 
sodium hydroxide and sulfuric acid under irttraviolet light (Teclmicon. 1984). Blanks 
were run in al1 analyses and the Iimits of detection were 0 2  pJ1 for phosphonis and 1 
mg/I for ~ t rogen .  Total kjeldahl nitrogen. nitrate and nitrite data for 1977- 1978 (total of 
12 sarnples) were obtained from the Ontario Ministry of the Environment and Energy and 
anaiyzed according to standard methods outlined in their analytical protoc01 (OMOEE, 
198 1). Total nitrogen concentration was calculated by adding these forrns of nitrogen 
(Ameel et al., 1993). Precipitation data were obtained from the Ontario Clin-iate Centre, 
Environment Canada for the stations closest to Laure[ Creek, Waterloo-Wellington, and 
to Carroll Creek, Gfen Allan. 
Discharge data for Laurel Creek were compiled by the Water S w e y  of Canada, and for 
C a r d l  Creek by the Grand River Conservation Authority. The gauges on both streams 
were located upstrearn of the mouth, so downstream discharge had to be estimated. 
Discharge measurements were made, under varying flow conditions, at the mouth of both 
strearns over a two month p e k d  in 1997, to develop a relationship with the gauged site 
(R' = 0.94 for Laurel Creek and R2 = 0.54 for Carroll Creek). Estirnates obtained using 
this relationship agreed very closely with tliose calculated by adjosting for the difference 
in watershed area between the two sites. using an equation outlined in Gordon et al. 
(1 994). Mean annual discharge for the Laurel Creek watershed \vas calculated using the 
relationship developed using measurements downstream. For the Carroll Creek 
watershed. discharse \vas calculated by adjusting for watershed area. using the equation: 
where QI = mean annual discharge for the unggauged site. QJ = mean annual discharge 
for the çauged site. and A 1 and A-> are the areas of the ungauged and çauged waterslieds, 
respectively . 
Land use in the Laurel Creek watershed for 19954996 was compiled using: maps fiom 
the Ontario agricultural resource inventory (OMAF. 1983): maps and information 
contained in GRCA (1993): data collected in tlie 1996 agricultural census (Statistics 
Canada, L 996); and the 1997 City of Waterloo zoning rnap. Land use for the 1977- 1975 
mode1 was determined using Grand River Conservation Authority reports and maps 
(MacMillan, 1978; Veale, 198 1) and information from the 1976 abgicultural census 
(Statistics Canada? 1976). Land use in tlie Carroll Creek watershed was entered into a 
geographical information systems (GIS) database by Bruce Pond, Wildlife and Natural 
Heritage Science Section, Ontario Ministry ofNaturd Resources, using satellite imagery 
and the Ontario agI-icultural resource inventory. For al1 models, data collected from maps 
were used to determine the extent of land under crop production, and the areas of specific 
crop types were then calculated using Statistics Canada data on the proportions of crops 
grown in each township. 
With three esceptions, die esport coefficients for phosphorus used in the Carroll Creek 
mode1 were the same as those used in the Laurel Creek mode1 outlined in the previous 
chapter. Total annual rainfall lost to runoff in the Carroll Creek viatershed was 37%. 
Based on a series of interviews with f m e r s  owning property directly adjacent to the 
creek. it was determined tliat grazing was intense on the creek banks. and a higher 
coefficient of 0.5 k g h d y r  \vas used to reblect the export h m  grazed areas on Carroll 
Creek. This value is used by Cliambers and Dale ( 1997) For areas of pasture under intense 
grazing. Row crops and non-row crops were considered separately in the Carroll Creek 
model. and an export coefficient of 0.3 kg/ha/yr was selected to reflect the input of 
phosphorus from row crops since soi1 erosion and- consequently. total phosphonis mnoff 
is greater in row crops than non-row crops (Chambers and Dale. 1997). As for Laurel 
Creek. inputs of pliosplioms from septic tanks were not included in the model. The iirban 
coefficient was used to account for ninoff from built up areas and highways. 
3.5.2 Ni frogerz export coe ffrcie 1 z t selrctio 11 
Laurel Creek 
To express the transfer of nitrogen from woodland areas in Laurel Creek. an export 
coefficient of 3 kghdyr was selected. This was the mean value calculated by Chambers 
and Dale (1 997) for export from North Amencan watersheds and within the range for 
deciduous forests (1.3740 1 kg/ha/yr) listed in Reckhow et al. (1980). For cropland, 
coefficients of 6 kg/ha/yr and 8 kg/ha/yr were selected for non-row crops and row crops 
respectively. These export coefficients are within the North Amencan coefficients for 
row crops (2.8 1-79.6) and non-row crops (0.97-38.22) published by Reckhow et al. 
(1980) for loam, sandy clay loam and silt loarn soils. For the pasture areas, an export 
coefficient of 3.5 kg/lia/yr was selected. which is the mean value for Canadian pasnire 
summarized by Chambers and Dale (1997). To express transfer from urban land uses in 
the watershed, an export coefficient of 5.5 kg/ha/yr was selected, which is in the range of 
those presented by Reckhow et al. (1 980) for low density residential areas (1 -48-9.48). 
The input in nitrogen in precipitation. 13.4 kghalyr. was taken from Kuntz (1980) and 
the percentage of precipitation lost to runoff was 30%. The nutrient content of rainfall 
was denved from this study because it was the rnost thorough investigation available 
Great Lakes area. However, given the reported increases in atmosphenc nitrogen 
deposition over the Iast century (Vitousek et al., 1997) it is likely that the nitrogen 
coefficient would now be higher than it was 18 years ago. European export coefficient 
models (Johnes. 1996; Johnes et al.. 1996) atso use atmospheric nutrient levels measured 
in the 1980's and could not be used to obtain more recent estirnates- 
Inputs from septic tanks in the watershed were not included in the nitrogen models for 
Laurel Creek or Carroll Creek because no information \vas available on the failure rates 
of these systems in the area and general rates of nitrogen loading from septic tanks are 
scarce. Jones et al. (1977) and Reckhow et al. (1980) investigate the binding of 
phosphorus to soils and the movernent of phosphoms from septic tanks, but such 
comprehensive studies are not available for nitrogen. Johnes (1996) includes loading 
from septic tanks in her export coefficient rnodels, and assumes that al1 septic tanks in the 
watershed discharge to the waterbody of interest annually. Although septic tanks likely 
contribute to nitrogen in these creeks, there is no data available to confÏrm that they fail 
with such regularity. Assuming a IO0 % failure rate, using an export coefficient for 
nitrogen of 2.49 kg per capitalyr (Johnes, 1996) the total potential input of nitrogen from 
the rural population of the watersheds would be 3793 kg for Carroll Creek and 2393 kg 
for Laurel Creek. For this calculation, the rural popuIation was estimated using the 1996 
agricdturd census (S tatistics Canada, 1 996). 
Carroll Creek 
For the Carroll Creek watershed the sarne esport coefficient for woodland areas was used, 
and the coefficient for urban areas used in the Laurel Creek model was used to express 
runoff from built up areas and highways. The input from atmospheric sources was also 
the sarne, but 37% of the annual r a idd l  was lost to runof'f. 
AgriculturaI land use is intense throughout the Carroll Creek watershed? and the 
measured annual average nitrogen concentration was seen to be a lot higher than in 
Laurel Creek (7.5 mg/l versus 2.71 rng/l). Using the Laurel Creek coefficients to calculate 
the load of nitrogen to Carroll Creek the predicted loads were 142,000 kg (-66 %) lower 
that observed loads. In order, therefore. to calibrate the Carroll Creek model. higher 
export coefficients for crops and pasture had to be used than for the Laurel Creek 
watershed. 
An export coefficient of 35 kg/ha/yr was selected for the export of nitrogen from row 
crops, and a coefficient of 27 kg/hdyr was selected for non-row crops. These are tvithin 
the published ranges for row and non-row crops on loam and silt loam soils (Reckhow et 
al., 1980). To reflect the export of nitrogen from grazed areas. a coefficient of 1 5 kg/ha/yr 
tvas selected which is in the range for pasture presented by Reckhow et al.. 1980 for 
North Amencan pastures (1 -48-3 0.85 kgAa/yr). 
3.5.3 Carroll Creek p Izosplzorr~s a p o r  f coeff?cierz f monel 
The total predicted phosphorus load delivered to Carroll Creek over the 1995-1996 water 
year was 223 6 kg (Table 1). This was within fr 3 % of the observed levels (Fig. 3). The 
mean annual observed concentration was 0.08 mg/l (S.D. t 0.10). Of the nutrient sources 
included in the model, non-row crops contributed most (1 1 O6 kg). Atmospheric 
deposition (5 12 kg) and row crops (471 kg) were also important sources. 
The sensitivity analysis performed indicated that phosphorus concentration in Carroll 
Creek was rnost strongly determined by export frorn non-row crops, followed by 
atmospheric deposition and export from row crops (Table 2). These sources were most 
sensitive to a 10 % change in their export coefficients. The mode[ was also sensitive to 
estrenie changes in watershed. and the greatest increases in phosphorus loading woutd 
result if the entire watershed kvas urbanized or converted to Pasture. 
Table 1. Phosphorus export coefficient model for Carroll Creek constructed for the 1993- 1996 water year 
Nutrient source Area (ha) Phosphoms input Phosphorus export Phosphorus load 
(kghalyr) 
Urban 7C O -5 35 
Pasture 9s 
Row crops 1570 
Non-row crops 4424 
Woodland 639 
A tmos~heric 6933 
TotaI predicted 223 6 
load 
- - - - - -  - -- 
Table 2. Sensitivity analysis for the Carroll Creek phosphorus export coefficient model 
Nutrient source % clianze in rnodel output % change in rnodel output if 
by adjustment of eacli esport nutrient source were to cover 
coefficient by 10 % entire watershed area 
Urban 0.16 78 
Pasture 0.22 79 
Row crops 2.12 17 
Non-row crops 4.95 2 
Woodland 0.28 -45 
3.5.4 Lnrlrei Creek nifrogen =port coefficient modd 
The total load of nitrogen delivered to Laurel Creek over the 1995- 1996 water year \vas 
predicted to be 6825 1 kg, which was within I 1 % of the measured leveis (Table 3 and 
Fig. 2). The mean annual observed concentration was 2.74 mg/l (S.D. + 0.74). 
Table 3. Nitrogen export coefficient mode1 for Laurel Creek constructed for [lie 1995- 199G water year 
Nutrient source Area (ha) Nitrogen input N itrogen es port Ni trogen load 
(ky'l~dyr) coefficient (kg) 
(kgilidyr) 
Urban 3073 5.5 16902 
Pasture 106 3 -5 37 1 
Row crops 54 1 S 672s 
Non-row crops 2423 G 1453 8 
Woodland 677 J 203 1 4 
Atmospheric 744 1 12.4 0.3 2768 1 
Total predicted GS3S 1 
load 
Atn~ospheric sources contributed most to tliis load (2768 1 kg), foilowed by urban runoff 
(16902 k g )  non-row crops ( 1453s kg) and row crops (6728 kg). These sources urere also 
most sensitive to a 10 % cliange in their esport coefficients (Table 4). Nitrogen loading 
to the Stream wouid be substantially reduced if the entire waterslied were converted to 
woodland or Pasture. and increased if the watershed were deveIoped for row-trop 
Table 4. Sensitivity analysis for the Laurel Creek nitrogen export coefficient mode1 
Nutrient source % change in model outpiit ?/o cliange in mode1 output if . 
by adjusrment of eacli esport nutrient source were to cover 
coefficient by I O  % entire waterslied area 
Urban 2.48 l 
Pasture 0.05 -27 
Row crops O -99 2 S 
Non-row crops 2.13 6 
Woodland 0.30 -27 
Atmospheric 4.06 
production. An assessrnent of the model by running it using independent data collected 
for the 1977-1978 water year resulted in a predicted load of 67725 kg, which was within 
+ 6 % of observed concentrations when converted using annual discharge (Table 5 and 
Fig. 2). The mean annual measured concentration \vas 2.58 rnN (S.D. + 0.62). 
Figure 2. Observed concentrations of nitrogen and phos phorus versus those 
predicted using the export coefficient models for Laurel Creek and Carroll Creek. 
observed TN 
predicted TP 
1-1 observed TP 
'Presented in previous chap ter 
Table 5. Assessment of Laurel Creek nitrogen export coet'ficient rnodel using 1977-1 978 data 
Nutrient source Area (ha) Nitrosen input Nitrogen export Nitrogen load 
(kyhdyr) coefficient (kg) 
(kg/ha/y r) 
Urban 215I 5.5 1 i996 
Pasture 295 3 -5 1 033 
Row crops 1557 8 12456 
Non-row crops 1947 6 f IGS3 
Woodiand 959 3 3577 
Atmosp heric 744 1 12.4 0.3 2765 I 
TotaI predicted 67735 
3.5.5 Cnrrofl Creek tiitrogen a p o r t  corfficierr f nzorkl 
The predicted load of nitroçen delivered to Carroll Creek over tlie 1995-1 996 ivater year 
was 209898 kg, wliich was within + 3 % of tlie measured levels (Table 6 and Fig. 2). The 
observed mean annual concentration was 7.50 mg1 (S.D. + 2.82). Non-row crops 
contributed most to this load (1 19448 kg). and row crops (54950 kg) and atrnospheric 
deposition (3 1758 kg) were also important. These sources were also most sensitive to a 
10 % change in their export coefficients (Table 7). Converting the entire 
waterslied to woodland or urban development would reduce nitrogen loading 
considenbly, whereas converting tlie entire watershed to row crop production would 
increase nitrogen loading. 
Table 6. Nitrogen export coefficient rnodel for CarrolI Creek constructed for the 1995-1 996 water year 
Nutrient source Area (ha) N itrogen input Nitrogen export Nitrogen load 
(k3/hdyr) coefficient (kg) 
pasturé 98 
Row crops 1570 
Non-row crops 4424 
WoodIand 639 
Atrnosp heric 6922 12.4 0.37 3 1758 
Total predicted 2089 18 
Table 7. Sensitivity analysis for the CarroII Creek nitrogen export coeftlcient mode1 
Nutrient source % change in mode1 output % change in mode1 output if 
by adjustment ofench export nutrient source were to cover 
coetEcient by 10 ?'o entire watershed area 
Built up 0.02 -72 
Pasture 0.07 -3 5 
Row crops 3.63 3 1 
Non-row crops 5.69 4 
Wood land 0.09 -75 
Atmospheric I -43 
3.6 Discussion 
A range of factors may affect export rates of nutrients to a sti-eam fi-om agricult~iral areas. 
in particular soi1 tjrpe and structure. estent and timing of crop cover, tillage practices, 
fertilizer application and rainfall (Joluies et al.. 1996). Open-pored sandy soils, for 
example, lose much more nitrogen by leaching than clay or organic-ricli soils. Nutrients 
move to s t rems from their cvatersheds via surface runoff. natural subsurface flow and 
subsurface tile flow (Sharpley et al.. 1993). The rnechanisms by wliich this movement 
occurs are rainfall- and irrigation-induced crosion. leacliiny and runoff- In ~irban areas. 
nutrients are generally exported via surface ninoff because paved surfaces are impervious 
to water and prevent infiltration. Urban inputs enter streams through uncontained runoff 
or via storm-sewer outfalls (Banneramann et al.. 1993). Phosphorus inputs fiom urban 
and agicultural areas may be in soluble organic and inorganic forms, or bound to 
particulate material (Sharpley et al., 1993) wliereas inputs of nitrogen to strearns are 
largely in soIuble forms (Heathwaite et al., 1996). 
Loads of these nutrients delivered to surface waters from agncultural systems aise 
through inputs of fertilizers and manure to areas of crop and livestock production 
(Haygarth et al., 1998; David et al., 1997). It is difficult to maintain the fine balance of 
available nutrients required to satis@ crop needs and at tlie same time rninimize leaching 
Iosses. and loading from tiiese systems occurs because nutrients are generally added at 
rates that exceed crop requirements. Escess nutrients accumulate in agricultural areas and 
may event~tally enter rivers. streams and zroundwater. Nitrate contamination of surface 
and groundwaters as a result of over-fertilization. for esample. is an environmental 
problem throughout Europe and North America (David et al.. 1997: Jolines and Burt. 
1993, and there is concern that excess pliospliorus accumulatinç in soils in areas of 
intensive agriculture may lead to an increase in phospliorus losses to the aquatic 
environment (Haygarth et al.. 1998). Pliosphonis and nitrogen loads are also delivered to 
surface waters from urban areas. originating tiom sources such as riinoff from roads. 
parking lots. roofs. Iawns and driveways (Bannsmann et al.. 1993: Hipp et al.. 1993). 
Given the diversity in agricultural and rirban land use intensity. tlie numerous factors that 
potentially affect tlie rates of delive- of nitrogen and pliosphonis from tliese sources. and 
the cornples patliways of nutrient transfer to surface waters. it is not surprising that tliere 
is great variation in esport coefficients reported in the literature (Johnes et al.. 1996). in 
the studies reviewed by Reckhow et al. (1980), for esample. the nitrogen rsport from 
non-row crops ranged from 0.97-35.72 kglhdyr. and the phosphonis rsport from non-row 
crops ranged from O. 1-8.08 kg/lia/yr. Selecting coefficients based on specific land use 
category (such as low versus higli density residential and corn versus soybean production) 
fertilizer application rate. soi1 type. annual precipitation and water ninoff did not greatly 
improve the range in estimates. Nitrogen export from corn, for example. grown on loam 
or silt loam soil, with fertlizer application rates behveen 100-1 12 kgkdyr ,  with an annual 
precipitation of 57-65 cndyr and a water ninoffrate of 8.6-1 0 cm/yr. ranged from 2.8 1 - 
79.6 kg/ha/yr. Wlien calcufated as a percentage of fertilizer input. the reported export of 
nitrogen from corn ranged from 3-1 52 %. 
To keep the models simple and usable throughout the Grand River watershed, I elected to 
use fairly broad land use categories, and calibrated tlie models using coeff~cients within 
the ranges of those published. The selection of coefficients was very subjective. based on 
a kvas my interpretation of the publislied numbers. Tlie assessrnent phase of modelin, 
tlierefore essential to independently evalirate tlie effectiveness of the models. This was 
possible for the Laurel Creek models. but not for the Carroll Creek models. The Laurel 
Creek models for phosphonrs and nitrogen pertormed well when nin using independent 
data coilected for the IW'i-l978 water year. These models tlierefore appear reIiable, with 
the caveat that the assessnlent was only run for one year. S ince the Carroll Creek 
phosphoms model. when constnicted using similar coefficients to those used for the 
Laurel Creek model. predicted concentrations rvithin + 3 % of observed concentrations. it 
also seems reliable. The nitrogen models, however. were very diftèrent tbr the two 
watersheds. Despite siniilarities in the types of crops grown. tillage system. geology. soils 
and topography between tlie two watersheds. observed concentrations of nitrogen rvere 
much higher in Carroll Creek tlian Laurel Crerk. and coefficients for the loading of 
nitrogen from cropland had to be chosen to reflect this. Although part of the Laurel Creek 
watershed is used for agriculture. urban developrnent is encroacliinp on the rural area and 
eacli year less land is being used for crops. Tlie fact that agriculture is intense and the 
predominant land use in the Carroll Creek watershed is a Iikely explanation for tlie higher 
nitrogen concentrations measured. 
On interviewinç 18 farmers with properties adjacent to Carroll Creek on tlieir farming 
practices, it was determined tliat most farrners used much higlier levels of fertilizer than 
the recommended rates. particularly on corn. It is possible that there was more nitrogen 
input to the Carroll Creek than the Laurel Creek wvaterslied which would account for 
higher export rates, but, as Laurel Creek farmers were not questioned, tliis could not be 
substantiated. PI~osphoms fertilizers, however. were also applied at much Iiigher levels 
than those recommended, yet measured Stream concentrations were consistently sirni1a.r 
to those observed in agricultural areas on Laurel Creek. Nevertheless it is possible that 
more nitrogen fertilizer is applied to crops in Carroll Creek watershed than in the Laurel 
Creek watershed and that this is running off into the creek. 
Another possible source of nitrogen to Carroll Creek tvas from feedlots and manure piles 
located in close proximity to the creek. Most hrn~ers witli properties adjacent to the creek 
reported manure storage within 500 m of tlic stream. generally as a pile on a cernent pad. 
These are estremely prone to the ninoff of rnanure and would contribute to nitrogen 
loading to Carroll Creek. No data \vas collected from farmers with property on Laurel 
Creek. and no details of the arnounts of rnanure stored were obtained. so tlzis data could 
not be included as components in the models. It  is possible that the input of nitrogen from 
these sources to Carroll Creek was greater than to Laurel Creek. Feedlots cuid manure 
storage areas, Izowever. contribute extreniely lzigli IeveIs of both ptiospliorus and nitrogen 
(Reckhow et al.. 1980) and since phosphonis LeveIs were not elevated in Carroll Creek. it 
is udikely that these were tlie sources of the Iiigher nitrogen Load. 
According to artificial drainage maps drawn by OMAF in I952. half of the agricultural 
land in the Carroll Creek watershed is tile drained. Tile drainage has been sliown to 
increase the loss of nitrate from fertilized fields to surface waters (Baker and Johnson. 
1983; Tan et al., 1999, particularly during high rainfall years (David et al.. 1997). In a 
study by David et al. (1 997). over a six year penod an average 49% of the annual field 
inorganic nitrogen pool was leaclied tlzrougli tile drains and seepage, and exported to a 
nearby river. This was as rnuclz as 85%. however. during 1996 a high rainfall year. An 
estimated 40% of the agricultural area of the Laurel Creek cvaterslied. Izowever, is also 
tile drained. The proportion of tile drained land on Carroll Creek is therefore only slightly 
higher than on Laurel Creek, but the total annual precipitation in 1995- 1996 was 1045.7 
mm at the station closest to tlie Laurel Creek watershed. and 1108.7 mm at the station 
closest to the Carroll Creek watershed. Of this precipitation, an estimated 37 % was lost 
to runoff in the Carroll Creek watershed versus 30 % in the Laurel Creek watershed. This 
is a surprishg result given tliat the area urban development with irnpervious surfaces is 
rnuch higher in Laurel Creek than in Carroll Creek. Mean annual runoff tends to decrease 
as watershed area increases (Gordon et al., 1992) but since the Laurel Creek watershed 
area is only 5 km' greater than the Carroll Creek watershed, this is unlikely to be a 
significant factor. A more likely explanation is water storage and flow regulation 
resulting fiom tlie reservoirs on the Laurel Creek systsm (GRCA- 1993). These inlluence 
the mean annual flow used to calculate menn amun1 runo ff (equation 4), and the 
proportion of rainfall lost to runoff may act~ially be greater tlian that calculated using tliis 
equation. Nevertheless. tlie Iiiglier ninfall togetlier witli the slightly greater proportion of 
land tiIe drained, may have fed to a greater export of nitrogen to Carroll Creek than to 
Laurel Creek. Pliospliorus is also transported to nearby strearns via tile draii~s, but, unlike 
nitrogen. pliosphonis is prone to sorption from the water a s  it percolates through the soil 
to the tile (Sharpley et al-- 1995). Most phosphorus is lost is surface rather than 
subsurface runoff. wliicli niight esplain why pliosphorus concentrations in Carroll Creek 
were not eievated when conipared to agricrrltural areas on Laurel Creek. 
Nitrate is higlily soluble and very niobile. making is higlily susceptible to leaching 
tlirougli soil with infiltrating water (Hallberg and Keeney. 1993). [t is tlius a cornmon 
contaminant of groundwater. and the most extensive source of nitrate delivered to 
groundwater is agriculture. Nitrate leaciiing in relation to fertilization lias been 
documented for many crops (Hallberg and Keeney, 1993) and it is possible tint long 
term. intensive agriculture in tlie Carroll Creek watershd has led to nitrate contamination 
of tlie groundwater. which tlien enters the Stream via subsurface flow and contributes to 
measured concentrations. Since the export coefficient modeling approach does not 
directly include inputs from jro~lndwiter, 2nd nc measurements of groundwater inputs 
were made, it was not possibie to separate out and account for tliese sources. 
The estirnated rural population discharging sewage to septic tanks was greater in the 
Carroll Creek than the Laurel Creek watershed ( 1523 versus 9G 1) which niiglit also have 
contributed to the higher measured concentrations of nitrogen in Carroll Creek. A study 
by Burton et al. (1977) found that the export of nitrogen was higher from a suburban 
watershed in South Florida than fiom urban and agricultural watersheds and concluded 
that this miglit be due to septic drainage. However, since failure rates for septic tanks in 
the Laurel Creek and Carroll Creek watersheds have not been investigated, tliey were not 
included as nutrient sources in these models. In a worst case scenario, assurning a 100 % 
failure rate. the input from septic tanks in Carroll Creek only represents 2 % of the annuai 
load and was predicted to be only 1400 kg Iiigher than septic inputs to Laurel Creek. Lt is 
tlierefore unlikel y that loading tiom septic tanks could account for the elevated nitropen 
concentrations observed in Carroll Creek. 
Another possible explanation for lower observed concentrations of nitrogen in Laurel 
Creek than in Carroll Creek is tliat the proportion of nitrogen removed through 
denitrification was greater in Laurel Creek. Bacteriol denitrification represents a 
potentiaily significant path~vay for the permanent removal of nitrogen from river systems 
(Hill. 1979). Denitrification is affected by a iiumber of environmental factors. The 
process requires anaerobic conditions and is influenced by temperature and pH. It 
proceeds slowly at Iow temperatures and in acidic conditions (Wetzel. 1983). 
The lower half of Laurel Creek is cvarmer than Carroll Creek during the summer rnontlis 
which miglit enhance denitrification. Bioloçical oxygen demand was also higher in the 
lower half Laurel Creek than in Carroll Creek tvliicli would increase the Ii1;eliIiood of 
sediments becoming anoxic. An important difference between the Laurel Creek and the 
Carroll Creek waterslied is the presence of' the impoundments on Laurel Creek, whicli 
might increase denitrification rates. The sediments of these shallow. eutropliic reservoirs 
reportedly become anaerobic durhg the summer (GRCA. 1993) which would 
substantially increase the opportunity for denitrification. Rates of denitrification in both 
rivers and lakes have not been well studied. and are very variable. both spatially and 
temporally (Hill, 1979; Seitzinger, 1988). They were thus not included in the rnodels. 
The higher concentrations of nitrogen measured in Carroll Creek were probably a 
consequence of several of these factors. The intensity of agriculture of Carroll Creek, 
causing over-fertilization, groundwater contamination, and runoff in tile as well as 
higher precipitation and runoff and a greater rural population-serviced by septic tanks, are 
likely explanations. These. together widi the possibility for increased rates of 
denitrification in Laurel Creek. are al1 plausible reasons. Since these inputs were not 
measured and incorporated in tlie mode1 directly. they are retlected in the Iiigher 
coefficients selected For crops grown in the Carroll Creek watershed. 
The supply of nitrogen and phosphoms from atrnosplienc deposition is potentially a 
significant source of nutrients for aquatic ecosystems (Jassby et al.. 1991) and 
atrnospheric inputs were found to be important sources ofnutrients in al1 models. and the 
most important source of nitrogen to Laurel Creek. This observation is common in 
studies of nutrient loading to lakes and rivers. In their study of forested Stream 
catchments in Centrai Ontario. Dillon et al. (199 1) found tliat atmospI-ienc deposition and 
nitrogen and pliosplionis typically exceeded catchment export, and Jassby et al. (1994) 
conclude that atmospheric deposition provides most of the total annual nitrogen load to 
Lake Tahoe and a significant portion of tlie pliosphorus load. Johnes and Heathwaite 
(1 997) and Johnes (1 996) found tliat atmospheric inprits were important sources of 
nitrogen and phosplionis to rivers in Britain. Eniission and deposition of NOS in 
particular have increased over the last century, and have been correhted with the nsing 
use of fossil fuels and airificial fertilizers due to increases in liuman population density, 
industrial activity and agriculture (Vitousek et al., 1997). It is likely that these sources 
become will increasingly important as the use of Fossil fuels continues to increase. 
On companng the Laurel Creek and Carroll Creek models. urban land use is more 
important in terms of phosphoms loading and agricultural land use in terms of nitrogen 
loading. There is a possibility, however, tliat tlie loading of phosplioms from the 
agricultural land will increase if phosphoms is accurnulating in tlie soil due to over- 
fertilization. High soil pliosphorus contents may eventually [ead to an increase in the 
phosphoms losses to the strearns because the soil beconles saturated with phosphoms and 
is unable to retain further inputs (Haygarth et al.. 1998). The current observations for 
phosphorus correspond to those made by Rast and Lee (1983) who determined that. for 
US.  waterbodies, the annual loading of phosphoms from urban areas was twice that fkoni 
rural/agricultural areas. They estimated the export of nitrogen, however, to be the same 
from urban and mral/agricultural areas, wliereas Beaulac and Rec khow ( 1 982) found that 
the average export of nitrogen from row crops. rnixed agriculture and. to a lesser extrnt. 
non-row crops were higher tlian from urban areas. The iand use covering the greatest area 
of tlie Carroll Creek watershed  vas non-row crop production. which mainly consisted of 
a mixed grain system. usunlly made up of oats and barley. Row crops. inainly corn and 
soybeans. also occupied a substantial area. 
A sensitivity analysis is a test of a model in whicli tlie value of a single variable or 
parameter is changed (wliile al1 otliers remain constant). and the inipact of tliis cliange on 
the dependent v'ariable is observed (Kotlinndaramaii and Ewing. 1969). This approach 
permits a cornparison of model response with response anticipated fi-on1 theory. wliich 
serves to (a) aid in confirming tliat the mode1 is consistent with tlieot-y. (b) indicate the 
effect of emors in each of the sensitive parameters or variables. ( c )  identify sensitive 
parameters or variables tliat must be reliably estimated. (d) indicates the relationsliips 
between control variables and decision variables to help ensure that a cliange in a control 
variabIe can have a desirable effect on the decision variable. and (e) identify any regions 
where desirable levels of the decision variables are insensitive to possible errors of 
estimation in the model variables and parameters (Reckhow and Chapra. 1983). Model 
documentation should include sensitivity analysis that can be used to evaluate the 
appropriateness of the model to the issue of concern. 
For the simple models presented in this cliapter. sensitivity analysis was also simple and 
the outcome of changing various parameters was predictable. The anal ysis reflects both 
the area of the nutrient source and the size of the export coefficient and çives an 
indication of the relative importance of eacli nutrient source in the study watersheds. It 
identified those coefficients rnost important in determining rnodel output, and these were 
first altered to calibrate predictions to observed levels. For the Carroll Creek watershed. 
mode! outputs for phosphorus and nitrogen are dominated by export from non-row crops. 
row crops and atmospheric sources. since a minor change in the export coefficients for 
tliese sources resulted in the greatest change in rnodel output. The most extreme changes 
in model outputs, through scenarios where each nutrient source coven the entire 
waters hed. result from built-up. pasture and woodland areas. since these are the nutrient 
sources currently covering the srnailest land area. This outcome for this, extreme, 
sensitivity analysis liad less to do rvith export coefficients and more to do with relative 
changes in land cover under each scenario. 
In contrast, the parameters exerting greatest control over model output for phosphoms 
(presented in the previous chapter) and nitrogen in the Laurel Creek watershed are urban 
development, cropland and atmospheric sources. Atmospheric sources are relatively more 
important in the Laurel Creek nitrogen mode1 tlian in the Carroll Creek model because tlie 
export coefficients reflecting the transport from the other nutrient sources are Iower. The 
most extreme changes in the Laurel Creek nitrogen model output. on ninninç scenarios 
wliere each nutrient source covers tlie entire watershed result from row-crop. pasture and 
woodland areas, since these are the nutrient sources currently covering tlie smallest areas. 
The change in rnodel output on converting the entire watershed to woodland is greater for 
the Carroll Creek nitrogen model than for the Laurel Creek model. even though the 
coefficient reflecting tlie export of nitrogen from woodland areas is the same. This is 
because the coefficients for the other nutrient sources in the Carroll Creek watershed (in 
particular those for row and non-row crops) are much Iiiglier tlian in the Laurel Creek 
watershed- 
Uncertainty analysis is another approacli tliat can be used to evaluate rnodel performance 
and gives an indication of model error (Reckhow and Chapra, 1983; Reckhow et al., 
1980). Uncertainty may be caused by natural tluctuations inlierent in a characteristic such 
as the variation in flow or Stream nutrient concentration. This uncertainty can be 
incorporated into the export coefficient modeling approach by using most likely, high and 
low export coefficients. These coefficients can be selected by calibrating models for 
annual mean nutrient concentration and for values + 1 standard deviation around the 
mean. Such uncertainty andysis was beyond the scope of this study but would be usefd 
given the stochastic nature of hydrological processes and water cliemistry. 
The limitations of these models a i se  firstly because tliey are approximations of reaiity, 
and discrepancies between the models and reality are inevitable. and secondly through 
limitations in the data used to create tliem. No niodel is better than the data used for its 
construction, calibration and assessment (Johnes et al., 1996). For these models there are 
diree sources of data: tliose obtained from existing databases and maps to determine land 
use, precipitation and discharge; die measured data used for calibration and assessment; 
and those on export coefficients coupled with the subjective judgment necessary in their 
use. An). individual element in these could be in error but because the models are made 
up of so many elements. they have a considerable robustness (Johnes et al.. 1996)- The 
assumptions made are that meteorological and discharge data are reliable. and that maps 
have been drawn accurately. An additional source of error arises through the conversion 
of discharge to account for runoff from areas do~vnstrearn of the gauged sites. Since two 
alternative methods of performing this calculation yielded very similar results. the 
estimates are considered acceptable. The data drawn from agricultural censuses collected 
by Statistics Canada rely on accurate reporting by f m e r s .  Although this data might not 
be sûictly accurate, proportions calculated on a township basis are likely to be reliable 
because of the higli number of famis reporting. 
In the calibration and assessment phases of modeling, it is assumed that the measured 
concentrations of nitrogen and phosphorus in the streams refl ect mean annual 
concentrations. Obviously the more observations on which this annual mean is based, the 
more accurate it will be. Ideally a continuous sampler would be set up and numerous 
samples analyzed to calculate an annual mean concentration based on al1 storm and 
snowmelt events. and on baseflow n~easurements. Due to LTnancial and tirne constraints 
this \vas not feasible. but sa~nples were taken as often as possible. both during basetlow 
and driring storm and snowmelt events. However, there is no way to ascertain tl-iat the 
annuai mean estirnates are accurate and because samples were only collected at an 
intensity v q i n g  from weekly to monthly. phospl~oms and nitrogen values presented may 
in fact represent baseflow nutrient loads. Such infrequent sarnpling tends to underestimate 
inputs under eievated flow conditions (Cullen et al.. 1988). The sarnples analyzed by the 
OMOEE for 1977-1978 were also only collected once or ttvice each month and may 
represent low flow concentrations. 
n ie  greatest difficulties in export coefficient modeling corne in the selection of 
appropriate esport coefficients since, despite the coverage of tiiese in the literature, 
judgment and experience are necessary for the selection of appropriate values in the 
relevant published ranges (Joluies et al.. 1996). The coefficients selected for the export of 
phosphorus from these catchrnents performed wetl. both when assessed by running the 
Laurel Creek mode1 for the 1977- 1975 water year and ~vlien applying them to the Carroll 
Creek watershed. The selection of the coefficients for nitrogen were more of a problem. 
however, and, althougli the Laurel Creek mode1 performed well on assessmenr, the Laurei 
Creek and Carroll Creek models were very diffèrent and sliouId not be used for 
management purposes witl-iout hrther evaluation. 
Fztrther Zinzitntions 
There are several important in-stream and in-lake processes that affect measured 
concentrations of nitrogen and phosphorus which were not included in the models. The 
impoundments on Laurel Creek are shallow, eutrophic, surface-release reservoirs, for 
whicii no generally applicable retention and release coefficients are available for 
phosphorus or nitrogen. As well as influencing denitrification rates as discussed above, 
the interna1 Ioading of phosphorus from the sediments of such lakes may be substantial. 
particularly under anoxic conditions (Nürnberg. 1994). On the other hand, nutrients are 
olso retained in Iake sediments. A long-tenn study on n shalIow eutrophic Iake in Finland- 
for esample, found tliat the lake retained >50 % of its nutrient load (Ekliolrn et al., 1997). 
The retention of phosphorus in rivers may also be important. In a study by Hi11 (198 1) on 
Duffin Creek in Ontario, for exarnple. there was considerable retention of phosphorus in 
the river channel, particularly during summer Iow flows. The retention observed 
reflected both binding to sediments and uptake by aquatic macrophytes and algae. 
The buffering capacity of riparian vegetation is also not. at present. included in the mode1 
because generally applicable retention coeff~cients are not available for these zones 
(Jolmes, 1996). Riparian areas, in particular wetlands. have been recognized gIobally for 
their value in nutrient removaI (Brix. 1994; Haycock et al., 1993)- However, in tile 
drained areas tile lines generally discharge directly to creeks and drains. and wodd have 
to be diverted into such buffer zones to reduce nutrient loading. 
Given the range in coefficients from specific land use types and the complex nature of the 
movement of nutrieas throuph the Iandscape. it seems incorrect to state. as mentioned in 
the introduction, that "for a given clirnato~ogical regime, specific types of land uses.. .wiH 
yield or export characteristic quantities of these nutnents to a downstream waterbody 
over an annual cycle" (Rast and Lee, 1983). Yet. on assessment using independently 
collected data, models constructed based on tliis principle gave predictions consistently 
close (R'= 0.95) to observed concentrations of botii nitrogen and phospliorus wlien 
constnicted for numerous river watersheds throughout Britain ( J o h e s  et al., I99G). 
Although there were problems with the nitrogen models, the phosphorus models 
constnicted for Carroll Creek and Laurel Creek are reliable. It would appear then, that 
rnodels constructed using this approach are often effective, but, given their ernpirical 
nature, there is no way of knowing why they work. Since we do not know why they work 
we also cannot predict when, or why. they might fail to work (Lehman. 1986) and they 
should be used with caution in strearn and lake management. On the other hand, 
predictive limnology based on empirical approaches has been instrumental in the 
successfbl program of eutrophication control on the Great Lakes (Peters, 1986). 
3.7 Conctusions 
Despite these limitations. the phosphorus models developed in tlus and the previous 
chapter proved reliable and provide an inexpensive, simple approach to evaluate 
phosphonrs loading to Laurel Creek and Carroll Creek. The Carroll Creek model 
presented in this chapter kvas constructed using the esport coefficients used in the Laurel 
Creek model, with some modification to separate row and non-row crops and account for 
the intensity of grazing in the watershed. and predictions were within + 3 % of observed 
loads. Although data were not available to assess tliis model, it was based on the Laurel 
Creek mode1 whicfi performed weII when objectivsiy assessed, and it is likeIy tl~at hese 
coefficients will perfom well in other areas of the Grand River watershed of similar land 
use and watershed characteristics. The export coefficients used in nitrogen models, 
hotvever, were very different in the two watersheds. and these models rnay be poor 
predictors of nitrogen loading. The nitrogen load predicted by the Laurel Creek model 
was within f 6 % of the observed concentration wlien assessed for the I 977- 1 978 water 
year, but, since the coeffkients were so different in the Carroll Creek model, it is clear 
that they are not widely applicable to other areas in the Grand River watershed. 
3.8 Future work 
To improve and assess these rnodels fùrther it would be necessary to constmct models for 
other areas in the Grand River watershed ~ising the same coefficients and evaluate their 
performance. Watersheds with a long-term water chemistry and discharge records should 
be srlected, with varying proportions of urban and agriculturd land use. Given the 
cornplexity of intemal lake processes that influence water chemistry, ideally rivers 
without reservoirs on them should be used. 
At present these models have been constnicted using a simple spreadsheet, but, using a 
GIS approach, there are ways in which this method could be refined (Johnes and 
Heathwaite, 1997). The spatial distribution of different land use types could be mapped 
and linked to key factors controlling nutrient esport silch as hydrology. soi1 type and 
topography This could be linked. via export coefficients and discharge data, to observed 
concentrations ofnitrogen and pl~osphorus. and the model could be used to establish areas 
where management should be targeted to provide the rnost efficient control ohutnent  
loading. Using GIS would enable the development of a fully distributed esport 
coeficient mode1 rather tlmn the simple lumped model presented here. 
The strength of the export coefficient modeling approach derives from the prediction of 
total annual export rates of total nitrogen and pliosphorus (JoImes. 1996). Such models 
are usefül at a catchment scale and can be used to answer a number of important 
management questions. In particular, they can be used to reconstruct nutrient loading 
prior to phases of intensification and as such provide a baseline against wiiicli to gauge 
future loads. They c m  also be used to forecast possible impacts of future land use and 
land management on pliosphoms and nitrogen export rates. However. the scope of such 
models are limited because they do not take into account important processes controlling 
the movement of nutrients dong nonpoint source pathways. Detailed. process-based 
models that include nutrient dynarnics are necessary to f~tlly evaluate nonpoint source 
nutrient control strategies, but such models are impracticai in large catchments because of 
their high data requirements. Therefore, what is ultimately required to evaluate diffuse 
sources of nutnents at the catchment scale is a combination these approaches (Joiines and 
Hodgkinson, 1998). 
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4. EFFECTS OF URBANMATION ON WATER QUALITY, PERIPHYTON AND 
INVERTEBRATE COMMUNITIES IN A SOUTHERN ONTARIO STREAM' 
4.1 Abstract 
Changes in periphyton and macroinvertebrate community structure dong a Stream system 
were used to assess the effects OF urbanization on water quality. Epilithic diatom and 
macroinvertebrate sarnples collected in 1995 and 1996 from Laurel Creek. a rapidly 
urbanizing watershed in Soutliem Ontario. were related to measured water quality 
variables usinç canonical correspondence analysis (CCA) and principle components 
analysis (PCA). A distinct separation between urban and rural sites was observed in the 
ordinations. and sites also diffèred in terms of rnacroinvertebrate functionaI feeding 
groups. Water quality changes resulting from urban and agricultural development in the 
watershed are exacerbated by the presence of impoundments and have Iiad fundamental 
effects on the benthic community of Laurel Creek. Major restoration will be required to 
improve water and habitat quality in the strearn. in particular the rehabilitation of several 
impoundments. The iinplementation of urban stormwater and agricultural nino ff controls 
and minimization of erosion from areas currently under urban development are 
imperative to prevent fùrther deterioration in Stream condition. 
4.2 Introduction 
Changes in land use in watersheds under agricultural and urban development have led to 
fundamentai changes in the structure and functioning of Stream cornmunities (Allan, 
1995). Wherever significant hurnan settlernent has occurred, strearn habitats have been 
altered in terms of both physical and chernical chmcteristics. The effects of agricultural 
land use on streams include the runoffof agricultural cliernicals. sediment loading due to 
increased erosion, and alterations in channel morphology (Skinner et ai., 1997). 
1 Based on a paper published by the Canadian Water Resources Journal 23:245-257. Co-author H.C. 
Duthie 
Urbanization in stream watersheds reduces soi1 permeability, thrrs altering stream 
liydrology (Andoli, 1 994). Anotlier important source of pollution in both rural and urban 
areas is highway runo ff (Marsalek et al., 1 997: Smith and Kaster. 1 983). S tormtvater 
runoff from highways and urban areas contains particdate material and many chemicals, 
including nutrients. road salts. heavy metals and petroleum Iiydrocarbons (Marsalek et al., 
1997). 
In southern Ontario. impoundments are often used for flood control. Impoundments have 
significant eftècts on streams. including changes in the physical and chernical conditions 
downstrearn of the dam. In particular. modification of the temperature and tlow regimes 
have been docrimented, and downstream water quality changes such as elevated nutrient 
concentrations are also observed (Allan. 1995). The biological effects of impoundments 
are considerable. and have been cvell described (Spence and Hynes. 1971 ; Lehmkuhl. 
1973: Ward and Stanford. 1987). 
Benthic algae and macroinvertebrates possess mang attributes that make them ideal 
organisrns to employ in water quality monitoring investigations (Lowe and Pan, 1996; 
Hellatvell, 1986). Of al1 the potential groups of freshwater organisms used in biological 
monitoring. benthic macroinvertebrates are most often utilized and many metliods of 
community analysis exist (Hellawell. 1 986). Benthic algae, however. are rit the base of 
the grazing aquatic food web. and occupy a pivotal position at the interface of the 
chemical-physical and biotic components (Lowe and Pan. 1996). Effects observed at this 
Ievel either directly or indirectly intluence the rest of the aquatic cornrnunity. Diatoms in 
particular are the most abundant autotrophic organisms in nvers, colonizing al1 available 
surfaces, and are a major source of food for protozoa, invertebrates and young fish 
(Round, 1993). The use of diatoms in water quality assessments has been described in 
many studies and much support lias been given to this approach (e.g.: Kelly et al., 1995; 
Pan et al., 1996; Rott et. al., 1998; and Round, 1993). Although biotogical monitoring 
data are most valuable when more than one group of organisrns of the aquatic cornnlunity 
are anatyzed (Lowe and Pan, 1996), studies most often focus on one group. 
The objective of this srudy \vas to assess diatom and macroinvertebnte community 
structure in relation to land use. in a Stream system affected both by agricultuni and 
urban development and by the presence of impoundments. These resuits are discussed in 
the context of curent management strategies in piace for the watershed. 
4.3 Site description 
Laurel Creek is approsimately 20 km long with a catchment area of about 74 km' 
(Fip. 1). Historically it was a stream with hiçh water clarity and quality (GRCA. 1993). 
but its ciiaracter has been profoundly altered by agricultural and urban development and 
by the construction of irnpoundments. 
Approxirnately half of the watershed is under residential. industrial and commercial 
development. especially in the lower lialf(GRCA. 1993). The urban land use consists of 
a broad range of types including residential. industrial and commercial. The upper part of 
the watershed is predominantly agricultural, consistinç of  cash crops and Pasture. with 
several areas of woodlot and wetland. Five impoundments esist dong Laure1 Creek. the 
largest of wliich are Laurel Creek Reservoir and Columbia Lake. Tliese discharge from 
their surface waters, releasing warm, pliosphorus-rich water downstream (GRCA. 1993). 
The health and quality of Laurel Creek have been the focus of much concern and debate 
in recent years. The GRCA (1 993) Laurel Creek Waterslied Study identified issues of 
concern in the watershed, and concluded that the aquatic habitat in Laurel Creek is 
degraded in many areas. Key components of the management strategy include the 
protection of lands that play an important role in enhancing and protecting environmental 
conditions in the watershed, and setting targets for stormwater runoff (GRCA, 1993). The 
study also identified sections of the creek and the impoundments, including Laurel Creek 
Reservoir, Columbia Lake, Laurel Lakes and Silver Lake. as requirinp rehabilitation to 
improve water quality. Action undertaken to date includes the estabIishment of a detailed 
Sampling location 
monitoring program in the western portion ofthe waterslied to assess the impact of 
current and future urban development. Major rehabilitation work is presently being 
undertaken on Silver Lake. As yet there are no formal proposals in place for the 
rehabilitation of the other impoundments. 
Sites studied on Laurel Creek were selected to reflect varying proportions of upstream 
urban and agricultural land use and tlie inthence or  impoundments (see Fig. 1 ). Sites 1.2 
and 3 are located in the headwaters of the creek. upstream of Laurel Creek Reservoir. and 
were only sampled in the second fieId season. Sites 4 and 5 are located on tlie Beaver 
Creek tributary of tlie Creek. upstream of the reservoir. At tliese sites. the stre'ms are first 
and second order, and are impacted by agricuhre and low density residential land use. 
Sites 6, 7, S and 9 are located downstream of the major impoundments and in the urban 
center. The Stream at site 6 is third order and at the rest of tlie sites are fourth order. Site 6 
is located downstream of Laurel Creek Reservoir. Columbia Lake and Laurel Lake, and 
site 7 is located downstream of these reservoirs and Silver Lake. Average summer water 
quality values for al1 sites are shown in Table 1. In the analysis below, sites 1 to 5 were 
classified as rural and sites G to 9 were ciassified as tirban. 
4.4 Methods 
Sarnples for water quality analysis were collected in hydrochloric acid-rinsed plastic 
bottles every tw-O weeks from May to September in 1995 and 1996. Soluble reactive 
phosphorus was analyzed using the ascorbic acid method, after filtration through a 0.45 
Fm membrane filter. Total phosphorus concentration was measured as phosphate using 
the ascorbic acid method following oxidation with persulfate under pressure (Parsons et 
al., 1984). Total nitrogen concentration was measured as nitrate following digestion with 
sodium hydroxide and sulfunc acid under ultraviolet light (Teclmicon. 1984). Alkalinity, 
nitrate, ammonia, total suspended solids and biological oxygen demand were anaiyzed 
according to standard methods (APH-4. L989) and conductivity- pH and temperature were 
measured in the field. 
The penpliyton sampler used \vas devrloped by Duthie and Jones (1990). and consisted 
of an enclosed bnish attached to a 100 ml syringe barrel. It can be used undemater. 
scraping an area of 4.9 cm'. Samples were collected once a month from May io 
September in 1995 and 1996 fexcept June 1996) at sites 4 to 9. At each site. tliree 
sanlples tvere collected and pooled in a plastic container. On returning to the laboratory. 
sarnples were filtered ont0 a 4.5 cm Whatman GF/F filter. placed in a sniall plastic petri 
dis11 and frozen. Sarnples were later analyzed according to the methods of Burnison 
(1 980). Spectrophotometric readings were taken in a 4 cm cuvette at 480.630.647.664 
cyment and 750 nm. Samples were then acidified for phaeophytin correction. Pi, 
concentrations were calculated usinj Jeffrey and Humphrey's (1  975) equations. 
Epilithic diatom sarnples were collected once a month at al1 sites. Samples were collected 
from riffle habitats by pooling scrapings from 3 to 5 rocks. depending on size, into a 
plastic container. On returning to the laborator). samples n-ere preserved in 10% ethanol. 
Samples were Later treated in IO% Iiydrocholoric acid for ten minutes, and then in 
hydrogen peroxide for one hour. Sarnples were neutraiized, and dned ont0 22 mm square 
coverslips. Coverslips were mounted ont0 slides using Hyrax @ or Naphrax diatom 
mount. Ttvo hundred diatoms were counted for eacli slide and identified to species 
following Krarnrner and Lange-Bertalot (1 986- 1 99 1 ), and also Patrick and Reimer (1 966, 
1975) and Sims (1996). At two sites downstream of the impoundments (sites O and 7) 
there was evidence of an increase in the number of planktonic species in the epilithic 
sarnples. The species found are also commonly found in the plankton of Laurel Creek 
Reservoir and Columbia Lake (Hopper, 1997). They were significantly more abundant at 
these sites than at other sites. and in ordcr to provide an unbiased assessment of the 
epilitlion. the planktonic specirs were excluded in the counts of twvo hundred for analysis. 
This is a valid approach for planktonic species that are not components of the epilitlion 
(F.E. Round. pers. comm.) and tlie taxa escluded were: ArrkmseNo gr-mtrlnfu. 
As?erioneZZn foritzosa. Cy~os~epIznnos dnbiris. and Srephmotlirctis sp.. Rare taxa (those 
occurring in abundances of S I  %) were not included in data analysis. 
Sarnples of tlie macroinvertebrate conirnunity wvere collected in May. July and late 
September / early October in 1995 and 1996. Samples were collected for sites 4 to 9 in 
1995. and for sites 4. 5.6. 7. and 9 in 1996. At each site. rime habitats were sampled 
using a modified Hess san~pler (Hess. 194 1). A 530 cm' round bucket was used witli a 
240 prn screen on the upstream side. The 240 Fm net a m  was placed at the downstream 
side, which Iiad a reinovable container with a 240 pm mesh screen at tlie bottom. Samples 
were collected by placing tlie sampler on the substrate and tlioroughly stirring up tlie 
substrate in the bucket and wasliing the sample to tlie container. The contents of the 
container were then washed into a 500 pm sieve box. and panned into an attached jar. 
This \vas the largest mesh size used for collecting and sorting. Samples were presented in 
10 % buffered formalin. The invertebrates were identified to order or fmily. and 
assigned to a fictional feeding group, usinç Merritt and Cumrnins (1 996a and 1996b), 
Pennak (1989) and Cummins (1973). As for the epilithic diatom data. rare taxa (those 
occurring in abundances of cl % at a site) were deleted for multivarïate analysis. 
ANOVA's were used to asseçs differences in periphyton chlorophyll and total 
phosphorus, total soluble reactive phosphorus and total suspended solid concentrations at 
Laurel Creek 
homogeneity 
sites (Wilkinson. 1992). Data were tested for deviations from normality and 
of variance. Based on these tests, the data were log,, transformed to fulfill 
the assumptions for ANOVA. The ANOVA mode1 used was a nndomized block desisn. 
to block against the effects ot'date and so account h r  seasonaI effects. Post-hoc tests 
were conducted via the Tukey procedure to determine significant differences between 
sites, 
Multivariate statistical analyses were conducted tisirig CANOCO version 3.1 (Ter Braak. 
1990). Detrended correspondence annlysis t a s  first used to determine the maximum 
arnount of variation in the diatorn and rnacroinvertebrate data. Based on the gradient 
lengths obtained. I decided that a test based on a unimodal response mode1 was most 
appropriate for analysis of the diatom data and a tinear method for the macroinvertebrate 
data. 
Canonical correspondence analysis (CCA) \vas therefore used to explore relationships 
between the epilithic diatom taxa. and rneasured water quality variables. On assessing 
colinear environmental variables. it \vas fiund that none of the environmental variables 
iiad variance inflation factors > 20. indicating that tliey al1 contributed uniquely to the 
ordination (Ter Braak, 1990). Canonical coefficients and approximate !-tests were then 
used to identib environmental variables which were important in explaining the 
directions of variance in the distribution of the diatom tasa. The signiiicance of the CCA 
axes was assessed using Monte Carlo permutation tests (99 random permutations). 
The macroinvertebrate data were analyzed using principie components analysis (PCA). 
The analysis was performed on tavonomic group data that were log,, transformed. 
4.5 Results 
Several water quality parameters show a distinct difference between sites in rural (sites 1 
to 5) and in urban (sites 6 to 9) areas (Table 1). Conductivity, temperature, total 

phosphoms concentration, biological oxygen demand and total suspended solid 
concentration were Iiigher at the urban si tes. Alkalinity and soluble reactive phosphorus 
cvere higher at the rural sites. 
Total phosphorus and total suspended solid concentrations showed significant differences 
between urban and rural sites @ <0.0 I), with the highest concentrations being found at 
urban sites 6 and 7, which were just downstream of impoundments (Figs. 2a and 2b). 
Soluble reactive phosphoms was Iiigher for rural than for urban sites and tliese 
differences were significant ( p  <0.01) (Fig.7~). Periphyton chlorophyIt CL did not differ 
significantly between sites @ 0.33) (Fig. 2d). 
M e r  deleting colinear variables, CCA identified ten environmental variables that each 
explained significant ( p  <0.05) directions o f  variance in the diatom data dong one or 
more of the first three CCA axes (Fig. 3). These were conductivity (cond), pH. 
temperature (temp). total phosphorus (TP), soluble reactive phospliorus (SRP), alkalinity 
(alk), biological oxygen demand (BOD), total suspended solids (TSS), total nitrogen 
(M) and nitrate (NO3). The eigenvalues for CCA axes 1,2 and 3 (O.G3,0.27 and 0.22 
respectively) constrained to these environmental variables were significant @ <0.0 1), 
and were simiIar to those obtained for unconstrained DCA (0.75, 0.42,0,26). The 
species-environmental correlations for axes 1.2 and 3 were Iiigh (0.93,0.79 and 0.69 
respectively). The ten environmental variables thus accounted for the major gradients in 
the composition of the epilithic diatom community at the Laurel Creek sites studied. 
CCA mis 1 was correlated with temperature (r = -0.66). Axis 2 was correlated with total 
phosphoms and alkalinity (r = -0.57 and 0.52 respectively). Biological oxygen demand 
and total suspended solids were also correlated with axis 2 (r = -0.45 and -0.46 
respectively). 
Figure 2. Mean (+ 1 SE; n = 18) 1 993 and 1996 summer values of 
a) total phosphoms: b) totai suspended solids; c) soluble reactive 
phosphoms; and d) periphyton c11IoropIiytl for Laurel Creek sites. 
4 5 6 7 8 9 
Sites 
Figure 3. Sample scores obtained in CCA ordination of 1995 
and 1996 Laurel Creek epilithic diatom data. Urban and rural 
sites are represented by symbols and environmental bipiot 
scores are rnultiplied by two and represented by arrows. 
CCA Axis 1 
urban sites pl
In the CCA plot of the snmples scores for Laurel Creek epilithic diatoms. urban and n i n i  
sites are separated in ordination space. CCA a i s  2 separates the sites. urban sites being 
positioned towards the bottom of tlie biplot and nird sites towards to top. 
A distinct difference in the proportion of the macroinvertebrate functional feeding groups 
is observed between urban and rural sites in both 1995 and 1996 (Fig. 4). In urban sites 
the relative proportion of deposit feeders (Oligockaeta) was higher than in rural sites, and 
the proportion of tava ctassified as filtering collectors (Simuliidae and Bivalvia) was also 
hig her. 
In the PCA biplot rural and urban sites show separation in ordination space based on 
their macroinvertebrate tasonomic composition (Fig- 5). The abundance of Oligochaeta 
(olig). Simuliidae (sim) and Nematoda (nem) are positively correlated. Given the distance 
of Oligochaeieta from the intercept. this group is more important in indicating site 
differences between urban and rural sites. PlatylieIminthes (plat) was also important. The 
groups most abundant at urban sites are negatively correlated with many of those most 
abundant at ruml sites (Coleoptera. col; Tipiilidae, tip; Empididae. emp; Hydracarina, 
hyd; Tabanidae, tab; Gastropoda, gast; and Megaioptera, meg). Of these groups, 
CoIeoptera kvas most important in indicating differences between rural and urban sites. 
Other groups plotted are: Isopoda (iso), Chironomidae (chir), Bivalvia (biv), 
Ephemeroptera (eph) and Trichoptera, (tric). 
4.6 Discussion 
According to tlie river continuum concept (Vannote et al., 1980), under p i s the  
conditions, the first and second order sites on Laurel Creek would obtain most of their 
energy inputs fiom terrestrial sources and consequentiy have a higher proportion of 
macroinvertebrate shredders than the downstrearn sites. Furthemore, periphyton 
Figure 4. Relative abundance of invertebrate functional feeding groups 
for Laurel Creek (df = deposit feeders; f = filterers; g=gatherers; 
s=scrapers; om=ornnivores; p=predators: sh=shredders; and co=collectors). 
ü- df f f&g f.g&s orn p p&sh s s&co sh 
Functional feeding groups 

biomass ~vould be greater at the higl~er order sires. as would the proportion of grazers. In 
the Laurel Creek sy stem however. human nctivity Ilas niodified this relationship. The 
clearing of land for agricultural and urban development and associated runoff and erosion 
have rnodified the creek in the lieadwaters. altering energy inputs to the system. The 
construction of impoimdments downstream has created lentic environments perrnitting 
pl-on production. 
Tlie results O btained c learl y indicate tliat the macro invertebrate and peripliyton 
cornmunities in Laurel Creek. wlivhich are Iiiglily influenced by the effects of land use in 
the watershed. are also affected by the irnpouiidrnents. Agricultural land use in rural sites 
results in liiglier soluble reactive phosphonis levels than downstream. Runo R from 
highways and the urbanized area in the lower iialf of tlie watershed result in an increase in 
conductivity and. together witli surface-release fron~ the impoundments. cause an increase 
in suspended solids. total phosphorus and biological oxygen demand. 
The increase in downstream suspended solid concentration contrasts witli the more 
common effect of impoundments. wliicli is to mnrkedly increase water clarity 
downstream as a result of the settling of particulate materid in the reservoir (Ward and 
Stanford, 1987). Tlie increase in total suspended solids observed may be due in part to 
the export of reservoir plankton during the summer montlis. Phytoplaiikton has been 
sliown to contribute to the water-borne particulate load in Laurel Creek (Hopper, 1997). 
Other resenroir studies have noted currents in turbidity that run from tlie inlet Stream to 
the reservoir outlet causing the release of suspended materiais (Ward and Stanford, 1987). 
Siltation of the impoundments on the Laurel Creek system is a recognized management 
problem in the waterslied resulting from erosion due to urban and agricultural 
development upstream, and it is likely that some of tlie sediments that have built up are 
being washed downstream via such currents. 
Despite the higher total phosphorus concentrations observed in the urban area, peripliyton 
chlorophyll n did not increase significantly. The proportion of soluble reactive 
phosphorus \vas siçniiicantly lower in urban than in rural sites indicating that much of the 
phosphoms at the urban sites was bound to particulate material and not biologically 
available. Moreover. elevated suspended solid concentrations may have decreased light 
penetration to tlie substrate nt these sites and in turn rnight have reduced periphyton 
biomass. Other studies have also tound that penphyton biomass is generally poorly 
related to nutrient concentrations (Cattaneo. 1987; Cattaneo et al., 1993) and attribute this 
to the influence of other biotic and abiotic variables sucli as substrate type. water velocity 
and grazing pressure. Because of the inherent variab ility in periphyton biornass. the 
taxonomie structure of the comniunity is more effectively reiated to water chemistry 
(Cattaneo et al.. 1993). 
Based on analysis of diatom species and periphyton genera found (unpublislied data). the 
impoundments and iirban nin-off result in nutrient and mild organic pollution in Laurel 
Creek. Bacterial and nutrient inputs froni large popdations of waterfowl are also a likely 
source (GRCA. 1993). The percent cover of Clcrdophorn was higher in urban than in rural 
sites (Winter, unpublislied data). The growth of Ckrdophorcr bas been shovm to be 
promoted by increases in pliosphorus levels. Clrrdophorn is tolerant of mild organic 
pollution (Hetlawell, 1986). The percent cover was also hi& for rural sires. liowever. 
indicating the impact of agricultural land use at tliese sites. 
According to tlie rnultivariate statistical analysis. urban and rural sites on Laurel Creek 
clearly differed in terrns of their epilithic diatom and macroinvertebrate community 
composition. In the epilithic diatom analysis, temperature was seen to be an important 
variable, as was total phosphorus, biological oxygen demand and total suspended solids. 
This coincides with the observations made on the impact of land use and tlie 
impoundments on tlie system. 
Urban and niral sites showed distinct differences in the distribution of macroinvertebrate 
taxa. The higher proportion of deposit feeders at tlie urban sites reflects the influence of 
suspended solid load and flow charactenstics downstream of the impoundments. These 
organisms are found in soft sediments. rich in organic matter and comnio~ily Live in sites 
receiving organic enrichment. feeding on organic detritus and its associated micro Hora 
(Peckarsk- et al.. 1990). Fine sediment build ~ i p  must have occurred between the rocks of  
the rifile habitats sampled to provide a suitable substrate for tliis groiip of organisms. 
Moreover. the increase in filtering collectors observeci downstrem of the reservoirs 
reflects an increase in the suspended food particles at these sites. Tliese organisrns are 
also favoured by the subsrrate stability that is characteristic o f  the regulated How 
conditions downstream of impoundments ( Ward and S tanford. 1 987). 
4.7 Conclusions 
I conclude tliat the Laurel Creek systeni lias been severely impacted by land use in the 
watershed and by the reservoirs. Urban and agricultural land uses in the Laurel Creek 
watershed differentially influence water qiiality. wliich in tum influences benthic 
macroinvertebrate and peripl~yton conununity structure. The effects of development in 
the watershed are esacerbated by several impoundments on La~lrel Creek. in particuiar 
Laurel Creek Resenroir and Colunibia Lake. Higher levels o f  total pliosphorus. total 
suspended solids. biolopical osygen denland and conductivity were obsenred For urban 
sites, as were higher summer ternperatures. Tliese water quality parameters. together with 
habitat alterations resulting from tlow regdation downstream of the impoundments and 
the clearing of land for development, have had fundamental effects on the bentliic 
c o m u n i t y  of  the creek, profoundly influencing community structure and hnction. 
Major reliabilitation work will be required to iinprove water and habitat quality in the 
Stream. 
The rehabilitation work being carried out on Silver Lake will undoubtedly have a 
positive infIuence downstream. Until controls are in place upstream. however. Laurel 
Creek will remain degraded and Silver Lake will continue to experience the sediment 
build up problems that have led to the dredging required in current restoration efforts. To 
avoid this and to improve water quality, major effort is required, in particular the 
implementation of urban stormwater and agricuItura1 ninoff controls and the 
minimization of erosion fi-om areas currently iinder ~irban developrnent. As recommended 
in the Laure1 Creek Watershed shidy. rehabilitation work on Laurel Cresk Resenroir. 
Collrrnbia Lake and the Laurel Lakes is also required (GRCA. 1993). Suggested structural 
changes, such as replacing tlie reservoirs \vit11 wetland areas and natural streams. 
bypassing the resenroirs and taking water directly t iom upstream ro downstream or 
dredging sediments. wo~ild reduce warming, sediment Ioading and nutrient inputs from 
the impoundments. If tlie Watenhed Management Strategy (GRCA. 1993) is not 
implemented Laurel Creek habitat and water quality will continue to deteriorate with a 
concomitant chanse in the resident îàuna and flora. 
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5. THE INFLUENCE OF LAND USE AND WATER QUALITY ON EPILITHIC 
DIATOMS AND MACROINVERTEBRATES IN LAUREL CREEK AND 
CARROLL CREEK~ 
5.1 Abstract 
Epilithic diatom and macroinvertebrate communities in strearns are effective biomonitors 
of interactions between water quality and catchment land use. Canonical correspondence 
analysis identified significant @ <O. 05) relationships between epilithic diatom and 
rnacroinvertebrate cornmunities, and several water quality and watershed land use 
variables, in the rural Carroll Creek watershed and in the semi-urban Laurel Creek 
watershed. both tributaries of the Grand River, Ontario. In particular the concentrations 
of total phosphorus, total nitrogen and total suspended solids were important, as was the 
proportion of the subwatershed area classified as urban or agricultural. The relative 
influences of water chemistry and land use predictors on tliese communities were 
quantified using variance partitioning analysis, based on partial constrained ordination. 
Most of the variance in the biotic data could be explained by the joint influence of land 
use and water chemistry (29 % for diatoms and 39 % for invertebrates). On using 
distance downstream as a covariable to remove upstreani-downstream effects, tliis shared 
variance was reduced (22% for diatoms and 26 % for invertebrates) indicating that the 
influence of land use on water chemistry was partly a geographical phenornenon. Overall, 
these relationships demonstrate the utility of macroinvertebrates and diatoms as 
indicators of catchment land use. 
5.2 Introduction 
The development of natural landscapes in watersheds for agricultural and urban uses has 
led to fundamental changes in the structure and functioning of stream communities 
(Allan, 1995). Since Hynes (1975) concluded that the valley d e s  the strearn, it is 
1 Based on a paper submitted to the Canadian Journal of Fisheries and Aquatic Sciences. Co-author H.C. 
Dutliie. 
increasingly recognized that watershed land use is an important determinant of stream 
biotic cornrnunities. Richards et al, (1996) indicated that strearn communities couId be 
used effectively to develop biological signatures of catchment condition. Although 
several studies have evaluated relztionsliips between watershed land use and stream 
macroinvertebrates (e .g  Allan et a[-. 1997: Richards et al., 1996; Quinn et al., 1997; 
Townsend et al., 1997) few studies have focused on strearn diatom cornmunities (e-g. 
Leland, 1995), or both groups simultaneously. Many stiidies have. Iiowever, used diatoms 
to monitor runoff from various Iand uses as it is reflected in the environmental conditions 
of streams (e-g. Pan et al., 1996: Rott et al.. 1998). Diatoms are also commonly used in 
paIeolimnological studies to estimate historical clianges in watershed land Lise (e-g. Hall 
et ai., 1998; Hall and Smol. 199G). Given their sensitivity to the res~~ltant chmges in 
Stream water quality. and tliat tliey have been related to land use in paleolimnological 
studies (sensu Hall et al., 1998), it would appear that diatom cornmunities at stream sites 
codd  dso  be directly related to catclment Iand use. 
Epilithic diaroms and macroinvertebrates possess many attributes tliat make them ideal 
organisms to ernploy in stream monitoring investigations (Resh et al.. 1996: Round, 
1993). Bentliic macroinvertebrates are the group of freshwater organisms most ofien 
utilized in biological monitoring, and many methods of community analysis exist (Resh 
et al., 1996). In recent yean however. it has becorne evident that benthic algae in general 
(Lowe and Pan, 1 996) and epiiithic diatoms in particular (Round, 1993) are also usehl 
for monitoring river water quality. Both rnacroinvertebrates and epililthic diatoms occur 
throughout a range of river habitats, are easily sarnpled, are sensitive to water quality and 
react quickly to peturbation of the environment, the tavonorny of many groups is well 
known and identification keys are available (Resh, 1996; Round, 1993). Multivarïate 
analytical approaches, such as canonical correspondence analysis, are increasingly being 
used in river monitoring, and provide sophisticated techniques to assess the influence of 
water chemistry and land use variables on stream cornmunities. Variance partitionhg 
analysis (sensu Borcard et al., 1992) is a relatively new technique that uses these 
approaches to quanti@ the relative influence of multiple factors on biological 
assemblages (Hall et al., 1998; Richards et al.. 1996). 
The objectives of this study were to assess the relationships between macroinvertebrate 
and epilithic diatom communities and Stream water cliernistry. to evaluate the influence 
of land use on these organisms. and to compare the relative influence of water quality and 
land use factors. Two stream catchments with contrasting urban and rural land uses were 
compared. Overall. this study will investigate the utility of tl~ese organisms in developing 
biological signatures of watershed land use. Evaluating tliese relationships has relevance 
for developing macroinvertebrate and diatom indicarors as monitoring and assessrnent 
tools for water resources planning and management. 
5.3 Site description 
The study sites (Fig. 1 ) were selected to provide a cornparison between ri partlp urban and 
a rural watershed. Laurel Creek is approximately 20 km long with a watershed area of 
about 74 km'. Land use in the upper part of the waterslied is rural (sites 1-5, first and 
second order). consisting mainly of crop production. and areas of pasture and woodland. 
The lower half of the u-atershed is under urban development (sites 6-9. third and fourth 
order), mainly residential with some commercial and industrial uses. The effects of urban 
and agncultural development on stream water quality and habitat are exacrrbated by the 
presence of several impoundments on Laurel Creek (Cliapter 4). Carroll Creek is 
approximately 70 km long with a watershed area of 69 km'. Land use in the watershed is 
entirely rural, consisting of commercial crop and Iivestock production, and areas of 
pasture and woodland. 011 CarroIl Creek. site I is first order, sites 2 and 3 are second 
order, sites 4-7 are third order and site 8 is fourth order. 
5.4 Methods 
Water samples were collected in hydrochlonc acid-rinsed plastic bottles every two weeks 
from May to September in 1995 and 1996 and monthly from October 1996 - February 

1 99 7. Alkalinity. nitrate. ammonia. total suspended solids and biological osygen demand 
were analyzed according to standard niethods (APHA- 1989) and conductivity. pH and 
temperature were measured in the field. Soluble reactive pliosphorus \vas analyzed using 
the ascorbic acid method. after filtration througli a 0.45 pm filter. and total phospl~onrs 
was measured using the ascorbic acid rnetliod folloulng ollcidation with persulfate under 
pressure (Parsons, e l  al.. 1984). Total nitrogen concentration was measured as nitrate 
followinç digestion widi sodium hydroxide and sulfuric acid under ultraviolet light 
(Technicon, 1984). 
A series of land use variables were deterrnined for the sites: the percentage of the 
subwatershed that N-ris tile drained. the pcrcci~tage mapped as rirban. cropland. pastiire or 
woodIand. and the number of storrnsewers in the subwatersked ripstream of a site- These 
were caicuhted using maps from tlie Ontario agricultural resorirce inventory (OMAF, 
1983). rnaps and information contained in GRCA ( 1993). and the current City of 
Waterloo Storm sewer and zoning maps. Land cover information for the Carroll Creek 
waterslied was entered into a geographical information systems (GIS) database. ~ising 
satellite imagery and the Ontario agricultural resource inventory, by Bnice Pond. Ontario 
Ministry OF Natural Reso iirces. 
Epilithic diatom sanlples were collected once a month over the sampling period and 
prepared using techniques described in Chapter 4. For each sample, at least two hundred 
diatoms cvere counted and identified to species hllowing Krarnrner and Lange-Bertalot 
(1 986-1 99 l), and also Patrick and Reimer (1 966. 1975) and Sims (1 996). At sites 
downstream of the impoundments on Laurel Creek (sites G and 7) there was evidence of 
an increase in the number of planktonic species in tlie epiiitliic sarnples. The species 
found are also cornmonly found in the plankton of Laurel Creek Reservoir and Columbia 
Lake (Hopper, 1997). They were significantly more abundant at these sites than at other 
sites, and, in order to provide an unbiased assessrnent of the epilithon, the planktonic 
species were excluded frorn the counts. This is a valid approach for planktonic species 
that are not components of the epilithon (F.E. Round, pers. comm.) and the taxa excluded 
Macroinvertebrate samples w-ere collected in May. Jiily and late September / early 
October in 1995 and 1996. Sarnples were collected at CarrolI Creek sites 2 to 8 in 1995 
and sites 2,4, 5 ,  7 and 8 in 1996. Laurel Creek sites 4 to 9 were sarnpled in 1995 and 
sites 4, 5,  6, 7 and 9 were sarnpied in 1996. At eacli sire sarnpies were collected using a 
modified Hess sarnpler (Hess. 194 1 ). as described in C hapter 4. The invertebrates were 
identitied to order or farniIy using bkrritt and Cummins (1996a). Peckarsky et al. (1 990) 
and Penn& (1989). 
Diatom and rnacroinvertebrate taxa were included in ordinations if they were present in a 
minimum of 3 samples and achieved >1 % abundance in at least one sample. Ordinations 
were performed using CANOCO version 3.1 (Ter Braak, 1990). Detrended 
correspondence analysis (DCA) was used to deternline the maximum amount of variation 
in the invertebrate and the diatom data. Based on tliis analysis it was detemined that. for 
each data set. subsequent constrained ordinations should be based on a unimodal 
response model, such as canonical correspondence analysis (CCA). 
In the ordinations used to explore the relationships among the distribution of diatom and 
invertebrate tasa and the rneasured water qirality variables. season (spring. summer, fa11 
and tvinter) was entered as a nominal variable. Since samples were collected over a two 
year period, it is likely diat there was considerable seasonal variation in the biota and the 
environment. This seasonal variation kvas not the prime research question. however, and, 
using partial CCA with season as a covariable, the relationships between the biota and 
environmental data were evaluated d e r  removing die influence of season on cornmunity 
composition (Ter Braak and Verdonschot. 1995). 
Wateshed land cover did not Vary nieasurably over the sampling period. and subsets of 
invertebrate and diatom data were developéd to rehte conlrnunity structure to land use 
and account for this lack of variation. To develop the subsets. a series of' CCAs were run 
to establis11 which month, average of montl-ts for each year and each season. or overall 
average provided the best relationsliips between the biotic data and the measured water 
quality and land use variables. Based on this assessment. averages of 199G data were 
used. Since the sarnple number was reduced in the subsets. a series of preliminary CCAs 
with fonvard selection were run to ideiitify those measured environmental variables most 
important in exphining directions of variation in the diatom and invertebrate data. 
I used variance partitioning analysis (CCA with and without the use of covariables) to 
determine the total variance in the diatom and invertebrate con-imunities esplained by: 1 )  
water chemistry predictors alone. 2) land use predictors alone, 3) an interaction between 
land use clnd water ckemistry predictors- and 4) that remaining tinexplained by factors 
related to land use and water quality (Borcard et al.. 1992: Ha11 et al.. 1998). Upstream 
effects are important in virtually al1 processes in running waters, and, in order to assess to 
what extent upstream-downstream effects influenced these relationships. tliis analysis 
was repeated using distance downstream as a covariable. 
5.5 Results 
The water chemistry values presented for sites on Carroll Creek and Laurel Creek are 
calculated as means for the entire study period (Table 1). Conductivity, total phosphoms 
concentration, biological oxygen demand and total suspended solid concentration were 
higher in the urban area on Laurel Creek than at the other, rural, sites. Total phosphorus 
concentration was lowest at upstream sites on Carroll Creek (sites 1 and 2) and on Laurel 
Creek (sites I and 2). Soluble reactive phosphoms concentration was also lowest at site 1 
on Carroll Creek, but at other rural sites \vas generally similar to or greater than the mean 
Table 1. Average (n = 7 1) water chernistp characteristics of study sites and sLirnnmq 
statistics. 
Cond- pH Total Soluble Alkalinity Biotogical Total Total Nitrate 
uctivity phosphoms reactive (mg1 osysen suspended nitrogen (mgll) 




















standard dev iation 
minimum 
maximum 
concentration at urban sites. Alkalinity was higher in rural sites than urban sites, in 
particular at upstream sites on Carroll Creek. Total nitrogen and nitrate concentrations 
were higher in the Carroll Creek than in the Laurel Creek system, with the highest values 
recorded at sites G and 7. The variation in the measured variables observed in the 
surnrnary statistics. refl ects both seasonal effects and site characteristics. 
The proportion of cropland in the Carroll Creek subwatersheds indicates the intensity of 
agriculture in this area (Table 2). Only site 1 on Carroll Creek has relatively large areas 
of woodland in its watershed. The rural sites on Laurel Creek (sites 1-5) have varying 
proportions of agriculture and woodland in their catchments. Agriculture is more intense 
at sites 4 and 5 than at sites 1-3, and site 2 in particular has large aren of woodland in its 
TabIe 2.  Subtvaterslied Iand irse characteristics of study si tes 
Proportion o f  land in subwatershed Number 
clrissified as: o f  stom- 
Urban Pasture Crop- Wood- Tik- sewer 
land land cirained outlets 
(2'6) upstrerim 
Carroll Creek sites: 
Laurel Creek sites: 
subwatershed. Sites 6-9 on Laurel Creek have varying amounts of urban land cover in 
their catchments. Urbanization is particularly intense at sites 7-9. 
Eight environmental variables were identified in CCA (temperature, TEMP; total 
phosphoms, TP; conductivity. COND; biological oxygen dernand, BOD; total suspended 
solids, TSS; pH; total nitropen. TN; and alkalinity, ALK) that each explained significant 
@ 4.05)  directions of variance in the diatom data along one or more of the fint two 
CCA axes (Fig. 2). The eigenvalues for the CCA axes 1 (0.43) and 2 (0.21) were 
significant @ 4 . 0  1 ): but were lower than eigenvalues extracted by DCA (0.G 1.0.3 8). 
Figure 2. Canonical correspondence analysis biplot of sampIe scores obtained in 
the ordination of a11 epilithic diatom data. Urban and rural sites are represented by 
syrnbols. The arrows indicate water quality variables (biplot scores were multiplied 
by 2) that are significantly (p<0.05) correIated with the distribution of diatoms at these sites. 
TEMP - 
ALK I 0 
CCA Axis I Carroll Creek rural sites 
Laurel Creek rural sites 
Laurel Creek urban sites 
The environmental variables thus only accounted for part of' the variation in species 
composition extracted by DCA. CCA s i s  l was higlily correlated with temperature andT 
to a lesscr extent, biological oxygen demand and total suspended solids. CCA axis 2 was 
l-iighiy correlated with total phosphonis- total suspended solids and dkalinity. With the 
exception of points on the right band side oftlie plot. most of which represent samples 
collected in May 1996. urban and rural sites are separated in ordination space dong avis 
2. May 1996 was a month with unseasonably high discharge rates and frequent srorm 
events, which might explain why different patterns were observed in the diatom 
assemblages. In terms of diatom species composition. rural sites on Laurel Creek are 
similar to Carroll Creek sites. 
CCA identified six environmental variables (total nitrogen. pH, conductivity. total 
suspended solids. total phosphoms and soluble reactive phosphonis. SRP) tbat eacli 
explained signifiant @ <O.US) directions of variance in the macroinvertebrate data dong 
one or more of the first ttvo CCA axes (Fig. 3A. 3B). The eigenvalues for the CCA axes 1 
(0.3 1) and 2 (0.1 1) were significant @ <0.01) and similar to those extmcted by DCA 
(0.39, 0.14). The water chemistry variables thus accounted for the major gradients in the 
composition of macroinvertebrate assemblages in this data set. CCA mis 1 was highly 
correlated with total suspended solids, total phosphoms and conductivity and CCA mis 2 
was highly correlated with total nitrogen and total phosphonis. 
Urban and rural sites were generally separated dong CCA a i s  L (Fip. ;A). 
Macroinvertebrate taxa on the right side of the ordination plot represent those most 
abundant at urban sites, and those on the left side were more abundant at rural sites (Fig. 
3B). Simuliidae, Oligochaeta and Isopoda were indicative of conditions at urban sites, 
whereas Plecoptera, Tabanidae and Ephemeroptera were more abundant at rural sites. 

A CCA of the diatom data identified four Iand use variables (the proportion of urban 
land, pasture and woodland. and the number ofstorm sewers upstrearn) tiiat each 
explained significant @ (0.05) directions of variance dong one or more of tlie first rliree 
CCA axes (Fig. 4). The eigenvalues for the CCA aves 1 (0.29) and 2 (0.1 1 )  were 
significant 0, < 0.04) and similar to those obtained by DCA (0.3 1. 0.14). indicating that 
the Iand use variables accounted for tlie main variation in species composition in this data 
subset extracted by DCA. CCA axis 1 kvas highly correlated with the proportion of urban 
land, cropland and the number of storm sewers. and CCA avis 7 was highly correlated 
with the area of woodland. In terms of diatom species distribution. urban and rural sites 
were separated dong CCA mis 1. and the Laure1 Creek niral sites and Carroll Creek sites 
were somewhat separated dong CCA a i s  2. The separation of the mral sites dong axis 2 
is related to the proportion of woodland in the subwatershed. wliich was highest for 
CarrolI Creek site 1 and LaureI Creek sites 1.3, and 3. 
S. 5.5 Lnir ci irse clr nrncteristics nizcl distrib ri fion of nzncroin v b r  tnso/tonric grorrps 
CCA of the subset of macroinvertebrate data identified tl-iree Iand use variables (the 
proportion of urban land and pasture and the number of storm sewers) tlmt each explained 
significant @ <O.Oj) directions of variance dong one or more of tlie first three CCA ases 
(Fig. SA. SB). The eigenvalues tor the CCA aves 1 (0.33) and 2 (0.14) were significant ( p  
<0.01) and similar to tliose obtained by DCA (0.35,0.10), indicating that, as witli the 
diatom data subset, these land use variables accounted for the major gradients observed in 
the macroinvertebrate assemblages. CCA axis 1 was highly correlated with the area of 
urban land and, to a lesser extent, the area of pasture. whereas CCA mis 2 was highly 
correlated with the number of storrn sewers upstream. Although the relative proportion of  
pastureland in the subwatersheds was relatively low, grazing was fairly intense and was 
generally Iocated in the riparian zone, particularly at sites on CarrolI Creek. This might 
explain why pasture was related to the composition of macroinvertebrate communities at 
rural sites. 
Figure 4. Canonical correspondence analysis biplot of  the samples scores obtained in 
the ordination of 1996 epilithic diatom data. Urban and rurd sites are represented by 
symbols and numbers represent site nurnber. The arrows indicate land-use parameters 
(biplot scores were multiplied by 1.5) that are significantly @<0.05) correlated with the 
distribution of diatoms at these sites. 
woodland I 
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Grban and rural sites were separated almg CCA mis 1 reflecting differences in the 
macroinvertebrate assemblages at tiiese sites (Fig. 5A). Isopoda, Simuliidae. 
Platyhelminthes and Oligocliaeta were most nbundant at urban sites. whereas Plecoptera. 
Ephemero ptera, Tipulidae. Hydracarina and Coleoptera were most abundant at rural sites 
(Fig. SB). 
Preliminary CCAs with fonmrd selection identified \vater chemistry and land use 
variables tliat explained tlie greatest aniount of variance in tlie subsets of biotic data. 
Based on tliis analysis. tlie water cliemistry variables used for the diatorn data were 
conductivity. pH. total phosplionis. total sospended solids and total nitrogen. For the 
invertebrate data. conductivity and total phosphonis were kbund to be rnost important. 
The land use parameters identified for the diatoin subset were the proportion of urban 
land. cropland. woodland and Pasture. and the number of storm sewers. For the 
invertebrate subset. tlie proportion of urban land and tlie number of stol-m sewers were 
used. 
For both diatom and macroinvertebrate cornmunities. factors associated with water 
chemistry explainrd more of the variance in the biotic data than factors associated with 
land use alone (Table 3). The joint influence of water chemistry and land use explained 
the largest proportion of variance in the diatom and macroinvertebrate data. The percent 
variance explained by the interaction between land use and water chemistry decreased. 
and unexplained variance increased, wlien distance downstream was used as a covariable 
to remove the influence of upstream effects. 
Table 3. Results of variance partitioning using partial CCA. The percent variance in the 
rnacroinvertebnte and diatom data esplained by land use and rvater quality predictors 
alone, by the interaction between predictors. and that remaining unexplained, are 
presented. The analysis was repeated using distance dorvnstrearn as a covariable to 
remove upstream effects. 
% Variance explnined by predictors 
Predictors Diatorn Diatom data cvitli Macro- Macroinvertebrate 
data distance downstream invertebrate data witli distance 
covariable data downstream covariable 
Land use 17 17 13 13 
Water quality 23 2 1 24 35 
hteraction 29 32 39 26 
h e s ~ h i n e d  3 1 40 24 36 
5.6 Discussion 
The results clearly indicate tliat epilitliic diatom and rnacroinvertebnte communities in 
Laurel Creek and Carroll Creek can be related to both water cliemistry and watershed 
Land use. The land use data were useful for predicting major patterns of 
rnacroinvertebrate and diatom community composition. indicating these groups could be 
used to indicate watershed conditions at stream sites in this area. 
The water chemistry characteristics of the sites Iargely reflect runoff from surrounding 
agricultural and urban areas. Higher levels of soluble reactive phosphorus. nitrate and 
total nitrogen at nird sites. particularly in the Carroll Creek wtterslied~ are a result of 
nuioff fiom cropland and pasture. Suspendrd solid Ioad was lowest at the headwater site 
on Carroll Creek, which drained the preatest area of woodland and lowest area of 
cropland. This observation is similar to that of Allan et al. (1 997) who found that stream 
sediment concentrations increased as the proportion of agricultural to forest land cover 
increased. Loads at rural sites on Laurel Creek, however, were higlier despite relatively 
high proportions of woodland and low proportions of cropland at these sites. It is l h l y  
that there are differences in land management in the riparian zone and in the distribution 
of land uses in these subwatersheds that idluence sediment load. Urban and highway 
runoff in areas of the Laurel Creek watershed also contribute to suspended soiid load, as 
well as causing elevated conductivity- biological oxygen dernand and total pl-iospl-iorus. 
Stream temperatures were also higlier at Laurel Creek urban sites. but the importance of 
temperature in relation to diatom distribution is Iikety to be partly due to extrerne 
seasonal changes. and tilrtlier esaggerated by differences in the tinle of day when sires 
were sarnpled. AIkaIinity kvas liiglier at rural sites. and most likely retlects the inf ltration 
of alkaline groundwater to these sites. 
The joint innuence of water cliemistry 'and Land use explained most of the variance in the 
biotic data- indicating a dose link between water cliemistry. Land use and the composition 
oFstream cornmunities. However. [and use effects independent of changes in uater 
cliemistry also impact the biota in tliese streams. In addition to altering stream chernical 
cliaracteristics. surrounding qricriltriral and rirban land uses impact Stream habitat 
through direct modification of the stream channel and through alteration in discliarge 
patterns and erosion rates. In many areas of Laurel Creek in particdar. stream sections 
have been cliannelized. re-routed and concrets-lined. For about 500 rn the creek ilows 
underground. Sucli physical alterations profoundly influence the composition of stream 
communities (Allan. 1995). Furtliennore- the reinoval of the vegetative cover dong 
riverbanks in areas of agricultural and urban det-elopment affects sueam biota by altering 
energy supply and reducing inputs of woody debris. Riparian vegetation is a potentiall y 
important source of orgmic material to streanls. and cvoody debris provides a valuable 
structural eIement to the channel (Quinn et al.. 1997: Richards et a1..1993). 
Water chemistry changes that are independent of land use also impact the biota in these 
streams. Modifications of water chemistry rnight be taking place through internai 
processes. Phosphorus uptake and denitrification. for exarnple, may signitïcantly alter 
nutrient concentrations in some stream systems (Hill, 1979 and 198 1). The geology of the 
catchment will also influence water quality. The rnost likely explanation in this study, 
however, is the influence of the impoundments on Laurel Creek. As discussed in Chapter 
4, the surface-release reservoirs discllarge warm, phosphonis and particdate ricli water to 
downstrearn sites during the summer montlis. The lakes also attract large populations of 
waterfowi tliat input nutnents and bacteria. Substantial clianges in water quality rhus 
occur in the reservoirs. independent of surroiintling land use. 
Upstream-downstreani e ffects as well as catcliment intluences are important in stream 
systems. iMany concepts in river ecology. s~icli as tlie river continuum concept (Vannote 
et al-' 1980) and the nutrient spiraling concept (Webster and Patten, 1979). are based on 
upstream-downstream Iinkages. The river continuum concept describes how enerçy 
pathways Vary dong a continuous gradient from lieadwaters to mouth. and how structural 
and functional characteristics of stream comm~~nities adapt to these clianges. wliiie the 
nutrient spiraling concept describes the cycling of nutrients in runninç water. An element 
occurring in tlie water column as dissolved. available. illitrient is transported downstream 
as a solute and is tlieii incorporated into the biotn. and rventually is rcturned to the water 
column in dissolved form. Since the cycle involves downstream transport. it is described 
as a spiral. When such upstream linkages were removed frorn the variance partitionhg 
analysis. the proportion of unexplained variance increased and proportion of variance 
shared between water chemistr). and land use drcreased. The water cheinistry 1 land use 
interaction tlius seenis to have a geopraphic trend. and to some estent reflects these 
ripstream-downstrearn effects. 
The unexplained variance observed reflects the influence of unrneasured environmental 
factors on the biota. as well as biotic influences such as cornpetition and predation. and. 
for the diatom cornmunity? invertebrate grazing. An important environmental variable 
impacting stream assemblages that was not included in tliis analysis is flow rate (Biggs. 
1995). Several catchnient features were also not considered. in particular smcial 
geology, that influence rnacroinvertebrate and periphyton assemblages throuçh their 
control over channe1 morphology and liydrologic patterns. In fact, Ricliards et al. (1996) 
found that these features masked land use in their study of macroinvertebrate 
assemblages in Michigan. 
As discussed further in Chapter 4, some of the invertebrate taxa most commonly found at 
urban and rural sites differed in t e m s  of their functional feeding strategies. Simuiiidae, 
indicative of conditions at urban sites. are pnerally filtering collectors (Merritt and 
Cummins, 1996b). ûnd reflect clevated levels of suspended food particles at these sites. 
The impoundments on Laurel Creek enhance the production of planktonic organisms 
during the summer months (Hopper. 1997). whicli are released to downstrearn sites. 
encouraging the establishment of tiltering collectors at urban sites on the stream. Tliese 
organisms are also favoured by the substrate stability cliaracteristic of the regulated flow 
conditions downstream of impoundments (Ward and Stanford- 1987). OLigochaeata were 
also common at urban sites and inhabit soft sediments. ricli in organic matter. feeding on 
organic detritus and its associated microklon (Peckarsky et al.. IWO). These organisms 
are indicators of organic enrichment. and fine sediment build up rnust have occui~ed 
between the rocks of tlie rimes sampled to provide thern \vit11 a suitable substrate, 
PIecoptera and Epliemeroptera were most common at rural sites. and niembers of these 
groups are generally scrapers. gathering coliectors. predators or shredders (Merritt and 
Cumrnins, 199Gb). and are generally less tolsranr of organic poil ution than the groups 
found at the urban sites (Resli et al.. 1996). These taxa are predominantly obligate 
erosional species, whose clinging and scraping beliaviours are most suitable in larger 
substrate rnateriaIs (Ricliards et al.. 1997) and their absence in tlie urban sites confirrns 
the sedimentation of riffles at these sites 
5.7 Conclusions 
The results indicate that taxonomie structure of epilithic diatom and macroinvertebrate 
communities in these streams ~ i a s  related to bot11 water cliemistry and waterslied land 
use. My findings indicate tlmt these communities can be used as indicators of water 
chemistry and watershed conditions at stream sites. These observations clearly 
demonstrate the importance of watershed land use cliaracteristics as determinants of 
stream biotic communities and their utility as indicators of catchment conditions. 
Land use practices iduenced stream habitat quality. which in tum affected the stream 
assemblages. Urban and rural sites were distinctly different in terms of tlieir 
macroinvertebrate and epilithic diatom communities, reflecting differences in physical 
and chernical habitat properties at tl-iese sites. Pliysiocliemical and relatively coarse 
watershed land use data predicted the major gradients in epilithic diaton-i and 
macroinvertebrate cornm~rnity composition. Altl-iough land use and water chemistry were 
independently related to these comn-iunities. a close link \vas observed between land Lise. 
water cliemistry and the biota. This joint inilueiice o r  land use and Stream water 
chemistry on con-im~rnity composition \vas found partly to be due to upstream- 
downstream e ffec ts. 
These findings clearly demonstrate the prowing recognition of the importance of 
watershed cl-iaracteristics in the structuring of stream comn-iunities. They show that tl-iere 
are measurable relationsliips betn~een diatoiri aiid macroinvçrtebrate community 
composition and land use in tliis area. and it is likely tliat s~tcli relationships will be 
o bserved for O ther strean-i systeiils. Studies elsewliere have found that land use patterns 
strongly influenced variation in Stream macroinvertebrate assemblage stnictiire (Quinn et 
al.- 1997; Ricllards et al., 199G). M y  study outlines 11ow surrounding land use strongly 
influenced variation in diatom as well as macroinvertebrate community composition in 
the streams studied. indicating that botli groups of organisms can be used effectively as 
rnonitors ot-watershed land Lise. 
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6. WEXGHTED-AVERAGING REGRESSION AND CALIBRATION iMODELS 
FOR INFERRING TOTAL PHOSPHORUS AND TOTAL NITROGEN USING 
EPILITHIC DIATOMS FROM LAUREL CREEK ,AND CARROLL CREEK 
Relationships behveen epiiithic diatoms and total nitrogen and total phosphorus were 
sufficiently strong to develop weighted-averaging regression and calibration rnodels for 
inferring strearn water concentrations of diese nutrients in Laurel Creek and Carroll 
Creek. These rnodels were accurate within + 2.4 pç/I for total phosphorus and + 2 mgA 
for total nitrogen. An evaluation of the goodness of fit of these models with and without 
bootstrapping indicated that these models performed better than other nutrient models For 
which sirnitar assessments were made. Modek were iniproved ~vhen seasonal variation 
was removed by using average water quality and diatom data. Overall. epilithic diatoms 
can cleariy be used to monitor total nitrogen and total phosphorus concentrations in these 
streams. 
6.2 Introduction 
The use of diatom taxonomie composition to infer environmenta! conditions using 
weighted-averaging regression and calibration modeling has, until recently, largely been 
restricted to paleolimnological studies on lakes. In such studies. diatoms have proved to 
be powemil indicators of environmental change, and models can be developed to infer 
past water quality conditions using diatom assemblages (Dixit et al., 1992). Sedimentary 
diatoms have been used extensively in studies dealing with lake acidification and 
recovery, and are extremely useful as indicators of pH changes in lakes (Battarbee et al., 
1990). More recently, diatom inference models have been developed to quantitativeIy 
infer lake water trophic variables (e.g. Christie and Smol. 1993; Cumming et al., 1995; 
Hall and Smot, Z 992 & 1996; Reavie et al., 1995). 
Despite the success of such approaches in lentic systems. diatom species distributions in 
streams in relation to environrnentat conditions liave not been welL estabIisI-ied (Pan et al., 
1996). Given tliat diatoms are extremely usefuI in river monitoring (Round, 1993 ,  and 
the utility of diatom weighted-averaging regression and calibration modeling in Lake 
shidies. there is a need to invesrigatz the use of such inference approaches in streains. Pan 
et al. (1996). developed diatom inference iiiodels for pH and total phosphonts in streams 
in the Appalachian Mountains, and found that the relationship between diatoms and 
environmental variables were robust and quantifiable. To date. no suc11 models evaluating 
diatom responses to nitrogen concentrations in streains have been published. 
Diatoms are sensitive indicators of tropliic smtus in rivers and M e s  (Cumming et al.. 
1995: Kelly and LVliitton. 1995). As a resident biotic çomponent in streains. species ricli 
diatom assemblages can integrate temporal lrariation in nutrient concentrations. It is 
difficult to accurately monitor nitrogen niid phosphonis levcls in rivers due to transient 
and episodic changes in storage. transport and inputs of these nutrients (Cattaneo and 
Prairie. 1994). Taking regular rneasurements of total nitrogen and total phosplionis and 
correlating tliem with diatom data can provide useful inference models for tliese nutrients 
tliat can subsequently be iised to inîèr concentrations. Such models reduce the need for 
espensive. and labor intensive, water clieinisty data collection. Furtlierrnore. if sampies 
are colIected from a variety ofstream sites that span gradients in nitrogen and 
phosphoms, species optima and tolerances calculated using weighted-averaging 
regression and calibration c m  be used to develop indices of eutrophication (sensu Kelly 
and Whitton, 1995). To create a trophic index. the species optima and tolerances can be 
classified using cluster analysis and each cluster can be assigned an ordinal or nominal 
rank based on species preference with respect to nitrogen and phosphonis (Lowe and Pan. 
1 996). 
The objectives in this chapter were to develop and evaluate weighted-averaging 
regression and calibration models for infemnp total phosphoms and total nitrogen 
concentrations in Laurel Creek and Carroll Creek using epilithic diatom community 
structure. Using these methods, I assessed the utility of diatoms Ior monitoring 
eutrophication in these streams, and. as well as advancin; our knowledge ofstream 
diatom species distribution in relation to phosphonis concentration. 1 developed srream 
nitrogen inîèrence models timt. to date, have not been published in the literature. 
6.3 Site description 
As outlined in the previous chapter. the study sites were both located in the Grmd River 
\vatershed in Southern Ontario. Laure[ Creek is approximately 20 km long with a 
catchment area of about 74 km'. Land use in tlie Lipper part of the watershed is rural, 
consisting rnainly of cropland. and areas of pasture and woodland. The lower half of the 
watershed is under urban development. As outlined in Cliapter 4. the effects of urban and 
agricultural development on Stream water q~iaiity and habitat are exacerbated by tlie 
presence of several impoundments on Laurel Creek. Carroll Creek is approximately 20 
km long with a catchment area of 69 km'. Land use in the watershed is rural. consisting 
of commercial crop and livestock production. and areas of  pasture and woodland. 
6.4 Methods 
Sarnples of epilitliic diatoms were coilected monthiy from sites on Laurel Creek m d  
Carroll Creek from May to September in 1995 and from May 1996 to February 1997, 
using methods descrïbed in Chapter 4. Water samples were collected every two weeks 
fiom May to September and monthly over the rest of the sarnpling period. Total 
phosphorus concentration was rneasured as phosphate using the ascorbic acid method. 
following oxidation with persulfate under pressure (Parsons et al.. 1984). Total nitrogen 
concentration was measured as nitrate following digestion with sodium hydroxide and 
sulfiuic acid under ultraviolet light (Technicon. 1984). Alkalinity, nitrate, ammonia, total 
suspended solids and biological oxygen demand were analyzed using standard rnethods 
(AFHA, 1989) and conductivity, pH and temperature were rneasured in tlie field. 
Epilithic diatom samples were collected monthly from riffle habitats by pooling rock 
scrapings from 3 to 5 rocks. Slides were prepared using methods outlined in Chapter 4. 
and at least 200 valves were counted on each slide. and identified to species tollowing 
Krammer and Lange-Bertalot (1 986- 1 99 1). and also using Patrick and Reimer ( 1 966, 
1 975) and S ims (1 996). A rrhcoseir-n gmrrlntcz, Asterionelln forrnosa, Cyclostephanzls 
rlrrbius and Stephanodisctls sp. were excluded from counts because they were determined 
to be planktonic species that were not components of tlie epilithon. and were found 
exclusively at sites on Laurel Creek downstrearn of impoundments. This is a valid 
approach (F.E. Round, pers. Comrn). and was used to provide an unbiased assessrnent of 
the epilithon at these sites. 
6.4.2 Data andysis 
Diatom species were included in ordinations and calibration models if tliey were present 
in 3 sarnpIes and in made up > 1 % of tlie count in one sample. Al1 water quality variables 
except pH? temperature and alkalinity were log-transformed due to their estremely 
skewed distributions. Ordinations were perforrned using CANOCO version 3.1 (Ter 
Braak, 1990). Detrended correspondence analysis (DCA) was used to calculate the 
maximum amount of variation in the diatom data, and it was determined that a technique 
based on a unimodal response mode1 woold be appropriate for analysis. Canonical 
correspondence analysis (CCA) \vas rherefore used to evaluate relationships with 
environmental variables. Rare species were downweighted in al1 ordinations. Canonical 
coefficients and approximate t-tests were usec! to identify the variables tliat each 
explained significant directions of variance in tlie distribution of diatom taxa. In al1 
CCAs, the taxon scores were scaled to be weighted averages of the site scores (Ter 
Braak, 1990). The significance of the CCA axes was assessed using Monte Carlo 
permutation tests (99 random permutations). 
Before beginning tlie analysis. ordination was used to screen the data to detect any 
(Je or unusual or 'outlier' samples. OutIier s,uiipIes may have an unrisual diatom assembla, 
,ui unusuai combination of environmental variabks (Hall & Smo1. 1993). An oirther wris 
detected and deleted from the final CCA and calibration mode1 if (i) the sample score fell 
outside the 95 % confidence limits about the sample score means in bot11 a DCA of the 
species data and a principle components analysis (PCA) of the environmental data in the 
full data set; or (ii) the sampIe liad an environmental variable with extreme (>sj) 
influence detected by CCA. 
To develop reliable water chernistry inference models from diatom data there rniist be a 
stronç statistical relationship between diatoms and tlie variable to be rnodeled. T h  
strengths of the relationships between total nitrogen and total phosphorus and diatoms for 
tliis data set were nssessed using constrained and partially constrained CCAs (TerBraak 
& Verdonschot. 1995). Constrained CCAs were first run. using total nitrogen and total 
phosphorus in turn as a single environmental variable. Species composition was rhus 
constrained to one variable alone, and reliable inference models can be developed if the 
ratio of the first (constrained) eigenvalue (hi) to the second (unconstrained) eigenvalue 
(b) is high (Hall and Smol, 1996). 
Partially constrained CCAs and Monte Carlo permutation tests (99 randorn permutations) 
were then run to examine the individual. independent. effect of total nitroçen and total 
phosphorus in tum on the distribution oFdiatom species. In this analysis. tlie first 
ordination âuis was constrained to each variable alone &ter the influences of the otlier 
variables were partialled out (TerBraak & Verdonschot, 1995). 
Weighted-averaging (WA) regression is a technique that c m  be used to estimate the 
optima of diatom taxa to a water cliemistry variable (Curnrning et al., 1995). A taxon's 
optimum c m  be defined as an estirnate of the value dong  an environmental gradient at 
which a tmon consistently achieves its liigliest abundance relative to otlier taxa. -4 
weighted average can be used to estimate tlie optimum of a tason dong an environmental 
gradient using tlie following equation: 
I l  
WA optimum for taxon k (Ur.) = C YikXi 
i= 1 
wliere Yik is tlie abundance of taxon k in sample i from a site, and Xi is tlie value of tlie 
environmental variable of interest at the Stream site wlien sampie i was collected (Line 
and Birks. 1990). The tolerance of n taxon is the standard deviation of the optima and can 
be calculated usin; tlie following equation: 
n 




A WA estimate for each sample from every site is simply calculated as the average of the 
Uk of al! taxa in that sample, weighted by tlieir relative abundances. using the equation: 
WA estimate for sample i (Zi) = C YaUk 
i= 1 
n 
y i k  
i= 1 
WA- regression and calibration were performed to calculate diatom species total nitrogen 
and total phosphorus optima and deveIop inference models for these variables. using the 
cornputer program WACALIB version 3.3 (Line et  al.. 1994). In WA inodeling using this 
method. averages are taken twice. once in W.\-regrrssion and once in WA-calibration 
(Birks et ai., 1 990). This results in shrinkage of the range of the inkrred variable. To 
correct for this, a simple linear deslirinking \vas done by regressing the initial inkrred 
values of estimated optima for the training set. Zi. on the observed values. Xi. using a 
chssical linear regression model. 
Errors associated with model inferences were estimated from 999 bootstrap cycles. 
Bootstrapping is a computer resampling procedure in vihich the n samples used in the 
calibration form a data pooI (Lowe and Pan. 1996). [n each bootstrap cycIe. a subset of n 
sarnples are randomly selected from the data pool and used to calculate WA-estimates. 
The same procedure is repeaced, in this case 999 times. A distribution of WA-estimates 
can then be created and standard errors calculated (root mean square error. RiiISE).  As 
outlined in Hall et ai. (199G). models were assessed using (i) the correhtion between 
diatom-inîèrred values with and without bootstrapping. (ii) the apparent RMSE of 
prediction, and (iii) the bootstrap RMSE. 
~Models were first developed, and assessed. for the hl1 126 sainple set. Then. in order to 
evaluate the models further. the data set was sorted randomly and 54 sarnples used to 
develop calibration models. The remaining 42 samples were then used to test the 
accuracy of  the calibration niodels. The total nitrogen and total pliospliorus 
concentrations estimated for the test set were compared to rneasured concentrations using 
regression analysis. 
Finally, models were developed using mean values of the diatom and water chemistry 
data collected during the surnmer months (from May to September in 1995 and 1996). 
Mean values were used in order to evaluate how models would compare when seasonal 
variation in diatom and environmental data was removed. To develop the subset of mean 
values, a series of CCAs were run to establisli wliich rnontli. average of months for each 
year or season, or overall average, provided the strongest relationships between total 
nitrogen and total pliosphorus and the diatom data. It was found that the relationships 
were strongest using overall averagcs of data cotlected over botlz summer field seasons. 
6.5 Results 
Deleting rare diatom tasa reduced the number of species in the analysis frorn 146 to 68. 
Removing outlier samples f~trther decreased the number of diatom species to 66. and. of 
the 1 54 collected. 126 saniples were used in analysis. 
Eight environmental variables were identified in CCA (temperat~ire. TEiLIP: total 
suspended solids, TSS: total phosplionis. TP: conductivity. COND: biological oxygen 
dernand. BOD; pH: total nitrogen. TN: and alkalinity. ALK) that each esplained 
significant ( p  <0.05) directions of variance in the diatom data dong one or more of tlie 
first two CCA axes (Fig.1). The eiyenvalues of tlie CCA axes 1 (0.32) and for CCA asis 
2 (0.17) dropped somewhat from tliose obtained in DCA (0.53 and 0.37) indicating that 
the environmental variables only accoiinted for part of tlie variation in tlie species data 
extracted by DCA. When sampling nionth \vas entered as a nominal variable and used as 
a covariable to remove seasonal effects ti-on1 tlie analysis. tlie eigeiivalues extracted by 
CCA (0.28 and 0.17) and DCA (0.48 and 0.34) were doser, indicating that some of the 
unexplained variance in the species data \vas due to seasonal variation in water chemistry 
and diatoms. However. the eigenvalues extracted by CCA were sipnificant ( p  (0.0 1 ) and 
tlie variance explained by tlie first two CCA axes \vas 12 %. wliicli is similar to 
relationsliips of I l  to I S % reported for other lake and Stream studies (Pan et al., 1996). 
Based on the canonical coefficients and approxiniate t-tests. CCA axis L was highly 
correlated with total nitrogen and temperahue and CCA Axis 2 was higlily correlated 
with total susended solids, total phosphorus and alkalinity. 
As \vas also seen in Chapter 5, urban and rural sites separated in ordination space a lmg 
CCA axis 2 (Fig. 2). There is some further divergence of rural sites dong CCA mis 1. 
This separation reflects the impact of watershed land use on water chemistry. which in 
turn influences diatom cornrnunity structure. Those diatom species whose scores faIl at 
the top of the plot of species scores (Fig. 1) were those that are most common at urban 
Figure 1. CCA diagrani showinç species scores obtained in the ordination of epitithic 
diatom data in 126 samples. Diatom species are represented by open circles. Diatom 
names are presented in Table I. Arrows indicate environmental variables (biplot scores 
were multiplied by 2.5) that are siçnificantly (p 4.05) correlated wïth diatom distribution. 
-1.5 -1 .O -0.5 0.0 0.5 1 .O 1.5 2-0 
CCA Axis 1 
Figure 2. CCA ordination of the 126 sample set. Urban and rural sites are represented 
by symbols. The arrows indicate environmental variables (biplot scores were multiplied 
by 2.5) that are significantly @ <0.05) correlated witli the distribution of diatoms at 
these sites. 
-3 -2 -1 O 1 2 3 4 5 6 7 8 
CCA Axis 1 
--- 
A Carroll Creek sites 
0 Laurel Creek rural sites 
Laurel Creek urban sites 
sites and include .Vitzschicr incogtzitu. ~\l~iit?iC.~dct S C ~ ~ - O C Z ~ ~ I . ~  !Vuvic t[CI vil-iLizd~ NitzschiCI 
soliîa and iVitzschicz im-onspiczta. niose species wliose scores faIl at the bottom of the 
plot were most comrnon at rural sites. Tliose predoininantly found at Laurel Creek rural 
sites tvere A chncriîdzes Inrreizbergicrnc~~ C'oc-c-oncis pi~rccnnrlct and C:vcio~c.iftr 
tnenenghiniaiza whi le Cyrn hellcr reichcr~dfii. Diorolli~l remis. ~ V ~ I Z S C ~ ~ C ~  heufle z rrionct and 
Gontphonerncr olivctcr.ztnz were mainly hund at Carroll Creek sites. 
6.5.2 IIZ ferrizce rtzorlrls for l o t d  nilrogeiz nizd totd p1iospliortis 
On assessing the strengths of reiationships between total nitrogen concentration. TN. total 
phosphonis concentration. TP and diatoms using constrained CCAs it \vas deterniined 
that TN was slightly more stroiigly correlated with diatom community structure than TP 
( I l /hz  = 0.32 versus 0.21). Partially constrained ordinations and Monte Carlo permutation 
tests indicated tIiat signif'icant (p <0.0 1 ) and independent responses of diatoms to bot11 TP 
and TN. The values for Àl/h2 in the constrained CCAs are sliglitly lotver than those 
detennined in paleolirnnological TP models developed for lakes by Hall and Sinol(l992 
& 1 99G) and Reavie and Sm01 ( 1 995). that nnged froiii 0.33 to 0.44. and in a TN mode1 
developed by Christie and Sm01 (1993). 0.40. Horvever. since the relationsliips between 
diatoms and both TN and TP were significant and independent for this data set. i 
conclude that they were strong enough tcl develop inference rnodttls. 
To deveiop robust and reliable WA inference models. realistic optima of diatom species 
must be estimated almg the environmental gradients of interest (Hall and Smol, 1996). 
One way to assess whether the optima are realistic is to compare goodness of fit (R' and 
RMSE of prediction) between measured versus WA-inferred values estimated with and 
without bootstrapping. If the poodness of fit between measured and inferred values is 
much weaker when estimated using bootstrapping, then the species optima are not clearly 
defined by the WA teclmique (Hall and Smol, 1996). 
My 126 s t r e m  site calibration set reliably estimated the optima of the diatom taxa dong 
the TN and TP gradients (Fiç. 3A and 3B). In al1 gnphs. the  values represent the 
Figure 3. The rclationship betsveen measured and diatom-inferred stream (A) total 
nitrogen and (B) total phosphorus concentration using weighted-averaging regression 
and cdibration mode3s and classicai deshrinking, with and rvithout bootstrapping. R' 
values are shown, and in each case are si~mificant (p  <O.OI ). RMSE is the root mean 
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coefficient of detemiination of regression between diatoiti-inkrred and measured TN or 
TP. The differences between correlations (0.53 vs. 0.42 for TN: 0.52 vs. 0.44 for TP) and 
root mean squared errors (0.30 vs. 0.30 for M; 0-35 vs. 0.39 for TP). were small when 
compared with TP inference models developed for streams (Pan et al., 1996) and for 
[alces (Hall and Smol, 1996). However, tlie  v values were lower than tliose in the 
aforementioned studies for TP (0.62 and 0.63). and than tliose in Cliristie and Smol 
(1993) for TN (0-75). 
The gradient of TN ranged from 1 - 16-20 m'JL and o f  TP ranged from 5.36 - 2 14-78 &1 
(Fig. 3A and 3B)- Along tliese gradients. the diatom inkirence models provide fairly close 
estimates of measured TP. accurate within t 2.24 ;rg/I. For TN Iiowever. the standard 
error of t 2.00 mg/[ \vas higher wlien compared witli the range in measiired values. 
The TN and TP optima and tolerances are listed for tlie 66 common diatom taxa, together 
witli the effective nrrmber of occurrences (Hill's N2) on whicli these are based (TabIel). 
Hill's N2 is an estimate of the number of sarnples that, in practice. influence the weighted 
average of tliat species (Cumming et al.. 1992). For TN. optima range from 1.6 1 mg/L for 
Nitzschia omphibici to 1 2.1 3 mg/l for iVitzschio he trfezirinnn. Optima for TP range from 
7.71 mg/l for Achi7c~nthes rolidn to 1 18.85 mg/l for 1Vifzschia solita. Taxa with srnall 
tolerances for tlie environmental variable of interest are considered good indicators of the 
variable (Lowe and Pan. 1996). Based on their optima and tolerances. Nnviczrla 
lanceolnta, ivmiczrlo schr-aeter-ii, and ~VitzscIZiu incanspiczm are good indicators of higli 
p hos p ho rus CO ndi t io ns . Aritzschia nmphibin, Nitzschin consrricrci, and Nitzschin su lit0 are 
also good indicators of high phosphorus. however, tliese species also indicate low 
nitrogen conditions. Cytnbelln nfinis is a good indicator of low phosphorus, and Akzvicula 
pupzila and ~Vitzschin consrricta are good indicators of low nitrogen. Achnanthes slolida 
is a good indicator of low nitrogen and low phosphoms conditions. 
The results of running a set of one third of the sarnples to test the calibration based on the 
other two thirds are similar to the results obtained on bootstrapping (Fig. 4A and 4B). 
The correlations between diatom iderred and measured log-transformed TN and TP were 
Table 1. The optima and tolerances for total nitrogen and total phosphorus concentration 
and effective number of occurences (Hill's NZ) of the diatom taxa used in ordinations and 
WA regression and calibration models. 
- - -  
Optimum Tolennce Optimum Tolerance 
1 Achnanthes conspicrla A. MAY ER C 3  1 3  T A 1  7 1  Q 
Achnanthes cielicatzrla ( KÜTZING) G RUNO W 
-4chnanthes laevis OSTRUP 
Achnanthes hnceolata (B RÉB [SSON) G RUNO W 
Achnanthes lauenbergiana HUSTE DT 
Achnanthes rninn[issirna KÜTZI NG 
Achnanthes stolida KRASS KE 
Achnanthes trinodis (WSMITH) GRUNO W 
ilmphora pediczrhrs ( KÜTZPJG) GRUNO W 
Caloneis bacîllzrm (G RUNO W )  C LEVE 
Cocconek pediczdus EHREN BERG 
Cocconeis plcrcentzda EHREN B ERG 
Cyclotelln menenghininna K ÜTZ ING 
CymbeUa afinis KUTZING 
Cyrn bella reichar-dtii KRAM M ER 
Cyrnbella silesiaca B LE [SC H 
Cvmbella sinzrata G REG0 RY 
Diatoma tenrris AGA RD H 
Diatoma vzdgaris BO RY 
Fragilaria brevisfriaia GRUNO W 
Fragiiaria capircina (DESMAZI ÈRES) KÜTZLNG 
Fragilauia consrmens (EHRENB ERG) G RUNO W 
Fragihia pinnata E H RENB ERG 
F'agilar-ia tenera (WSMITH) LANGE-BERTALOT 
Fragilaria dna O\IITZSCH) LANGE-BERTALOT 
Gomphonema olivaceirm (HO RNEMANN) B RÉB ISSON 
Gomphonema parvrrlrrrn KÜTZING 
Gyrosigrnn aczrminatrrm (KÜTZING) RABENHORST 
Melosira vnrians AG A RD H 
Meridion ci'trlare GRÉVILLE 
Naviczda capitata EH REN B ERG 
Naviada capi[atoradiata G ERMA IN 
Nmiarla cryptocephala KÜTZNG 
Naviczda ctyprotenelh LANGE- BERTA LOT 
Naviczrla eliginensis (G REG0 RY) RA L FS 
Navicula gregaria DON K IN 
Naviczrla lanceolata (AGA RD H )  EHREN B ERG 
Naviczrla sp. a ff. N. menisczrla SCHUMANN 
Naviczrla pzrpu la KÜTZMG 
Navimla reichardiana LANGE- B E RTA LOT 
Naviada saprophila LANGE-B ERTA LOT & BONI K 
Naviczrla schroeteri M El STE R 
Naviczda snaff .  serninzrloides HUSTEDT 
Table 1. (conclzideci) 
Taxon Optimum Tolennce  Optimum Tolennce 
44 Navictrla trippr(nctata (O.F. MULLER) BORY 5-82 1.89 39.17 1.99 31.7 
45 Naviczrla trivialis LANGE-BERTALOT 
46 Navicula venetata KÜTZING 
47 rVaviczrln viridzria K ÜTZ ING 
48 Nitzschia acicrriat-is (KÜTZING) W S M I T H  
49 Nitzschia amphibia GRUNOW 
50 Nitzschiu capitellara HUSTEDT 
5 1 iVi~schia constr-icta KUTZING (RALFS) 
52 Nit=schiu dissipata var. media (KÜTZING) GRUNOW 
53 Xtzschia ciissipata var. dissipata ( K ÜTZ [NG) G RU N O W 
54 ~Vitzschia fonticolcr G R L N 0  W 
55 Ntzschia hetcf2.w-ianu G RUNO W 
56 Ni~zschia incognita LEGL ER Sr K RASS K E 
5 7 ~Vitzsch ia inconspiczicr G R U N  O W 
5s !Vitzschia linear-k ( A G A R D H )  W .  S M I T H  
59 Nitzschia puira (KÜTzING) W .  SMITH 
GO ~Virzschia pzrsillcr GRUNO W ernend LANGE-BE RTALOT 
6 1 Nit=schia recia HAN TZS C H 
63 Xmchia sociabiiis HUSTEDT 
63 ~Vitzschicr solita H USTEDT 
64 Rhoicosphenin ab brevinta (AGA RDH) LANGE- 
BERTALOT 
G5 Srrrirelh airgusrata KUTZI NG 
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Figure 4. The rehtionship benveen measured and diatom-inferred Stream (A) total 
nitrogen and (B) total phosphoms concentration for a test set made up o f 4 2  samples, 
7 using a cdibntion set made up of 84 samples. R- values are significant @ e0.0 I), and the 
line kas drawn at a 1:I ratio. RMSE is the roor mean square error of prediction. 
(A) 
R' = 0.44 
RMSE = 0.28 
Measured log-trnnstormed total nitrogen (mg[) 
3 -5 
(BI 
R' = 0.50 
RMSE = 0.34 
3.0 -. 
Measured log-transformed totai phosphorus (pgli) 
0.41 and 0.50 respectively. and data points are rvenly spread around a 1 : 1 line. The root 
mean square rrror of prediction was t 1.9 1 mg/l for TN and k 2.19 p d l  for TP. 
When seasonal variation was removed from the data set by using summer 1995 and 1996 
mean values. the inference models constructed were better than those using the full data 
set (Fig. 5A and 5B). The goodness of Fit between diatom inferred and rneasured log 
transformed TN and TP were sirnilar with and witliout bootstrapping (R' 0.52 vs. 0.76 
and RMSE 0.09 vç. 0.12 for TN: R' 0.76 vs. 0.6 1. RMSE 0.1 1 vs. O. 19 for TP). indicating 
that species optima were estimated reliably. The gradient of TN ranpd from 2-10 to 8.74 
mgl. and TP ranged fiom 13.1 G to 1 W.88 pgA. The correiations between inferred and 
measured log transformed TN and TP w r e  l-iigli, 0.52 and 0.76 respectiveIy. 
6.5.3 PIois of nienri iitcr~ibrr of iridivid[[ols couritrd for rigfit chtom sprcies, and total 
rritrogerz (ritri total pllosplzorrcs 
The mean (+ 1 S.E.) nurnber of individuals counted of eight diatom species were plotted 
for sites on Carroll Creek and Laurel Creek (the site nurnbers are equivalent to those 
Fig. 1 in Chapter 5). together with plots of mean (k 1 S.E.) TK and TP (Fig. G A-H). 
There was good agreement between the abundance of species at sites. wliich varied 
considerably in their rnean TN and TP. tlieir optima and tolerances for Ti\l and TP 
presented in Table 1. and their position in the CCA plot of species scores (Fig. 1).  
Achnanrhes minzrtissima was the diatorn species \vas most commonly counted at al1 sires, 
and was common throughout the range of TN and TP (Fig. 6A). It should be noted that 
diere are several ecotypes of Achnantlres rnintrtissi~~a (Lange-Bertalot, 199 1 ), and I was 
unable to consistently separate the individual varieties. 1 tlierefore grouped them i n  this 
analysis, and it is likely that there would be more differentiation in the abundance of this 
species between sites if it were separated into the V ~ ~ O U S  foms. The abundance o f  
Ccdoneis bacillum also showed no relationship with TN or TP (Fig. 6B). These species 
are not good indicators of TN or TP, and they were located in the middle of the CCA 
plot, indicating that they were indifferent to the measured water quality variables and 
cornmon at al1 sites (Fig. 1). CymbelZa reichnrdiii was found at many of the strearn sites, 
Figure 5- The relationship between rneasured and diatom-inferred Stream (A) total nitrogen 
and (B) totaf phosphorris for average 1995 and 1996 summer data, witli and witliout bootstnppins. 
R' values are shown and in each case are significant (p <0.0 1). and the line \vas drawn at - 
a 1: 1 ratio. RMSE is the root mean square error o f  prediction. 
WA-inferred 
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2 R = 0.70, RMSE = 0.12 
bieasured log-transformed total nitrogen (m=/l) 
e WA-inferred 
R' = 0.76. RMSE = 0.1 1 
- bootstrapped WA-inferred 
~ ' = 0 . 6 1 ,  RMSE =0.19 
ri 1 .O0 1.25 1.50 1.75 2.00 235 2.50 
Measured log-transforrned total pIiospliorus (&I) 
Figure 6 (A-H). Mean ( + 1 S.E.) number of diatom individuals counted, total nitrogen 
and total phosphorus concentrations for Carroll Creek (cc) and Laurel Creek (Ic) sites over 
the sampling period. Site numbers are equivalent to those presented in Chapter 5, Figure 1. 
Note that the number of diatom valves counted are plotted on either the total nitrogen 
or the total phosphorus scale. 
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but predorninantly at the Iieadwater site on Carroll Creek. whicli was the site witli the 
lowest measured mean TP (Fig. 6C).  This species is a good indicator of low TP. iVitz.rc/iici 
citnphibicr rws most abundant at sites on Laurel Creek (Fig 6D) and indicates low TN 
conditions. This species is also an indicator of Iiigli TP however. and was fairly abundant 
at urban sites on Laurel Creek tl-iat Iiad hi& meaii TP. iVi~zscltÏc~ sufici \-vas most abundant 
at urban sites on Laurel Creek witli higli mean TP (Fig. GE) and is an iiidicator of hi& 
TP. To a lesser extent. however. tliis species was also an indicator of low TN. hW.schicr 
Ïnconspiczrci was a good indicator of liigh TP. and was most commonly found at tlie Iiigh- 
pliosphorus urban sites on Laurel Creek (Fi;. GF). :\~itzscirin hci~kzrr-irrncr and 
Gumpltoneinu oliiwcetrrn Iiad higli optima of TN. but also had relatively Iiigli tolerances. 
denoting tliat tliey are not good indicators oFTN. :Virz.vchi~r hritfktrrkntr was only found 
at rural sites on CarroIl Creek, and was niost comnion at Carroll Creek site 2 wl-iich had a 
high mean TN concentration (Fig. GG). However. tliis species \vas not found at Carroll 
Creek sites 7 and 8. whicli had the Iiighest mean TN and TP concentrations. 
Goinplionentu olivcrcezrm was comnion at al1 sites. but was most abundant at sites on 
Carroll Creek that had higher niean TN than those on Laurel Creek (Fig. 6H). The counts 
of this species sliowed no rriationsliip \-vit11 Ti\' at Carroll Creek sites. 
6.6 Discussion 
The results clearly demonstrate that epilithic diatoms c m  be related to total nitrogen and 
total piiospliorus concentrations in Laurel Creek and Carroll Creek. Altliough the 
correlations between measured and diatom-inferred total phosphoms and total nitrogen 
were lower than those observed in other models, assessment indicated tliat. unlike in 
otlier studies where similar assessments were made. the modeis were reliable. 
Although numerous studies have reported that nutnents, particularly phosphoms, are 
important for algal growth, the development of nutrient regression and calibration models 
has not been particularly successful (Pan et al., 1996). In these rnodels, tlie coefficient of 
determination of regession between diatom-inferred and measured total nitrogen or total 
phosphonis concentration was low when cornpared witli models relating diatoms to pH 
(Battarbee. L 990). The poor perfomimce of these models may be dur to temporal 
v'uiablity in nutrient concentration, particularly in streams. and the importance ofotl-ier 
environmental variables in stnicturing diatom comrnuni ties. This s tudy. however. 
illustrates their utility in monitoring eutrophication in rivers. 
The gradient of total nitrogen was small in the data set presented in tliis chapter. and 
although the gradient of total phospliorus was larger. there were relatively few sarnples at 
the low end of the range. I t  is likely tliat bot11 niodels would be irnproved if more sites 
were added to increase tlie range. pal-ticularly at the low end. This would also be req~iired 
to use the niodels hrtlier and cor-istruct indices o f'e~itrophication. 
1 classified the sites according tu OECD total phosphon~s eutrophication ratiiigs (OECD. 
1982) and evaluated the performance of  the total phosphorus model in terms of its ability 
to predict tlie trophic status. The mode1 predicted mesotrophic (1  0-35 pg/1 TP) and 
eutrophic (35-100 pgA) snmples correctly at ii rate of 76 % and 57 % respectively. This 
percentage seems Iiigli given the seasonal variation in the data set. For oligotropliic ( c l  0 
&l) and hypereutropliic (> 100@) samples. the model predicted poorly, with 20 % and 
33 % correct predictions respectively. However. as stated previously. most of the samples 
rvere collected from mesotrophic and eutrophic sites which Iimits the ability of the mode1 
to predict the trophic status of sites at the low and iiigh ends oFtlie pliospl-ioms gradient. 
Furthemore, excessive inputs of  phosphoms under eutrophic and hypereutrophic 
conditions may be causing problems in using diatoms to predict concentrations at these 
sites. Higli levels of phosphorus c m  cause algal blooms and shifis in algal assemblage 
composition from dominance by diatoms to dominance by other algal groups (Schindler. 
1974). At some sites dunng the summer rnonths. I observed an apparent dominance o f  the 
periphyton by the green alga CZczdophom sp. A mode1 based solely on diatoms may not 
be able to predict suc11 arnong-divisional shifts (Pan et al., 1996) which would limit the 
utility, during the summer months in particular. of the model at certain sites. Also. total 
phosphorus was seen to be somewhat correlated with total suspended solids indicating 
that rneasured total phosphorus might not always reflect levels tliat are biologically 
available. 
A more fiindamental problem witli using diatoms as indicators of eutrophication is the 
implication tliat shifts of diatom species to nutrient Ioading may represent only an initial 
phase of the response to increased nutrient Levets (Pan et al.. 1996). It Lias been noted, for 
example, that diatorn asseniblages become uniforrn at certain pI~ospI-ior~~s concentrations 
(Reavie et al.. 1995). Presumably species present under hi& nutrient Ievels are tolerant of 
eutropliic conditions. and species composition wiil not respond niarkedly to f~~r the r  
increases in nutrient concentrations. Because of tliis pro blem. it has been concluded that 
effective diatom-based inference models for total pliosphorus nlay be Iiniited to low and 
medium ranges of phosphorus concentration (Pan et al-. 1996). M y  results somewhat 
contradict these observations in tliat the rnodels constructed proved relatively reIiable 
despite the high proportion of eutrophic sites in the data set. 
On taking an overall average of nieasured and diatom-inferred total phospliorus 
concentrations. die mode1 predicted trophic status (OECD. 1957) accurately for 1 1 out of 
the 17 sites sampled. Both tlie nitrogen and the phospliorus models predicted particularly 
poorly for the site on Laurel Creek downstream of Columbia Lake. lc6. at urban sites lc8 
and lc9. and at Carroll Creek sites cc4 and cc5 wliicli were Iocated in areas of direct cattle 
access. It is Iikely that at these sites other cvater cliemistry and physical variabIes were 
relatively more important in structiiring tlie diatom community tlian total nitrogen and 
total pliosphoms concentration. n i e  predictability of nutrient concentrations at these sites 
tvas highly temporally variable. Successfully developing total nitrogen and total 
phosphonis diatom-inference rnodels for streams in this area may force tlie selection of 
sites tvliere other abiotic influences are not so estreme. 
NevertheIess, the models constructed for these systems were more reliable than other, 
similar, phosphoms models developed for lakes and other Stream systerns in ternis of 
their estimation of species optima (e.g. Hall and Smol, 1996: Pan et al.. 1996). Diatoms 
were generally good indicators of total nitrogen and total phosphoms in tliese streams. 
The ecological optima of the species were high when compared with those observed in 
otlier studies on lakes (Christie and Smol, 1993; HaII and Smol, 1992 & 1996; and 
Reavie et al.. 1995) which reflects tlie eutrophic nature of these streams. However, of the 
species foiind in this study. al1 those included in a list of phosphorus optima and 
tolerances published by Pan et al. (1996) for Appalachian streams were in the ranges of 
values presented. These were Achncrnrlzes iriimrfissimu. Acllrrcinrhes Innceolccrri. Arui~ic~ki 
cnpirntci. Aruvir~dtr o-yprotenelln. i\rwicz iltr iwrercr ru. :Vicschin prilca and Niizschiri 
socinbilis. 
Growth experiments on diatoms have only been done on a limited number of species. 
most of which are planktonic (van Dam et al.. L994). Tliere is thus insufficient 
autoecological data to confirm the observed species optima and tolerances. or to assign 
experimentally detemined va1 ues. Ccrrtainly. tlie fact that tlie optima of these Stream 
species. and of others listed in Pan et al. ( 1996). are liiglier tlian tliosr in tlie lake studies 
outlined above indicates the need to fiirther investigate diatom relationships to nutrients 
in lotic systsms. I t  is likely that optima and tolerances va- geogrnphically and between 
habitats, and tiiat to develop effective inference models for streams. extensive 
measurements over various ecoregions will be required. 
However. as mentioned above for total phospl~orus. tlie measured nutrient concentrations 
may not necessarily retlect the amounts biologicaliy available, and species optima may 
be overestimated. Species optima may aIso be modified because changes in nutnent 
Ievels miglit indirectly influence diatoms. Obseived nutrient concentrations might 
indirectly alter the composition of diatom communities by increasing cornpetition witli 
other algal groups such as green and blue-green alçae (Schindler. 1974). and by 
modifying tlie structure of rnacroinvertebrate populations and the balance between 
autrotrophs and heterotrophs (Allan. 1995). Furthemore, if the pliosphorus is bound to 
suspended particles, a reduction in light penetration to the substrate, due to attenuation by 
particulate material in the water column, miglit be correlated witli elevated levels of 
phosphoms. In fact, it might be these influences that cause measurable shifis in diatom 
community composition that are, even if not directly. related to nitrogen and phosphoms 
concentrations. Without thzse influences, increased nutrient concentrations might not 
measurably affect diatom community structure at eutrophic sites where algae are already 
adapted to I-rigli nutrient conditions. 
6.7 Conclusions 
Relationsliips between diatonis and total nitrogen and total phosphorus in Laurel Creek 
and Carroll Creek were sufficiently strong to develop weiglited-averaging regression and 
calibration models for inferring stream watsr concentrations of rhese nutrients. These 
models were accurate mithin k 7.4 pg/l for total p!iospIionis and + 7 mg/[ for totd 
nitrogen. 
Based on an evaluation of the goodness of fit with and witliout bootstrapping. the total 
nitrogen and total pliosphonis models were tbund to be relatively robust and reliable. The 
models perIormed better than otl-ier nritrient models for wliicli siniilar assessnlei-its were 
made. Diatoms can tlierefore be rised to monitor total nitrogen and total phosplionis in 
tliese strearns. 
The rn~de ls  were improved when seasonal variation in the data \vas removed by ~ising 
average water quality and diatom data. This indicates that reliable nlodels could be 
constructed for tliese strearns by correlating mean values of frequent total nitrogen and 
total phospl-iorus measurements wit1.i diatom community composition. However. in order 
to create usable models and diatom indices of eutrophication in the Grand River 
watershed, more samples from oiigotrophic sites are required to improve predictions of 
low nutrient concentrations. Functional models rnight also require sites where other 
environmental variables escessively confound the influence of totaI nitrogen and total 
phosphorus on diatoms to be excluded. It is likely though. tliat using mean values to 
reduce temporal variability in nutrient concentrations will improve predictions for such 
sites as tvell. 
Overall, epiIithic diatoms c m  clearly be related to total nitrogen and total phosphorus 
concentrations in Laurel Creek and Carroll Creek and have utility as monitors of stream 
eutrophication in the Grand River watershed. 
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7. SUMNIARY AND CONCLUSIONS 
Epilithic diatom and rnacroinvertebrate comrnunity assessment and export coefficient 
modeling (ECM) both provide useful, but very different, methods of evaluating the 
impact of watershed land use and nutrient Ioading on Laurel Creek and Carroll Creek. 
Using the ECM approach, 1 constnicted models for predictinj phosphorus and nitrogen 
loading to the streams. The phosphorus models proved reliable, and provide a simple. 
inexpensive approach to evaluate phosphorus loading to tliese strearns. Moreover, there is 
potential for developing usefùl models for predicting nitrogen loads to strearns in this 
area, and using this approach to estimate nutrient loading to streams in the Grand River 
watershed? with similar land use and watershed characteristics, under various land 
development and management scenarios. Suc11 evaluation can include an assessment of 
proposed nutrient control strategies. Through this approach, nutrient sources are 
identified and loadings from each source quantified. 
However, at present the ECM approach does not incorporate any in-stream processes or 
impacts on the biota. Yet if our desire is to maintain healthy, diverse biological 
communities. it is more appropriate to monitor the aquatic community rather than 
physicochemical variables only. To determine whether these nutrient loads affect the 
structure and functioning of stream cornmunities, some measure of the stream biota must 
be included in analysis. There were measurable relationships between both watershed 
land use and water quality and structure of epilithic diatom and macroinvertebrate 
cornmunities in Laurel Creek and Carroll Creek, indicating that both groups of organisms 
could be effectively used as monitors of catchment conditions and water quality. 
Furthemore, relationships between diatoms and total phosphorus and total nitrogen in 
these strearns were sufficiently strong to develop weighted-averaging regression and 
calibration models for infemng strearn nutrient concentrations of these nurrients. Diatoms 
therefore have utility as monitors of eutrophication in the Grand River watershed. 
The advantage of usinç biological monitoring over the empincal nutrient loading model. 
or simply taking physicochemical measurements, is tliat aquatic organisms integrate al1 of 
the influentid biotic and abiotic parameters in their habitat and provide a continuous 
record of environmental quality. Although the meclianisms responsible for decline or 
Local extinction of populations rnay be diffcult to define, the populations? responses give 
unarnbiguous signals about the quality of the habitat (Lowe and Pan. 19%). As outlined 
in Chapter 2, there are many pollutants other than nitrogen and phosphorus in urban and 
agricultural runoff tlmt may potentially degrade water and habitat quality. Examples 
include pesticides. Iieavy metals, road salts and petroleum hydrocarbons (Marsalek et al., 
1997; Skinner et al.. 1997). As weli as developinp specific indicaton of nitrogen and 
phosphonis therefore, biological monitoring has utility for providing information on the 
overall impact of land use and water quality on these cornmunities. and for indicating 
sites where more intensive investigation of pollution sources is required. 
Howvever, altliough tliere were measurable relationships between the biota and both water 
quality and land use variables. and diatoms in particular were useful indicators of 
eutrophication. since the biota respond ro a range of biotic and abiotic variables such 
correlations do not demonstrate causality. To demonstrate causal relationslips between 
organisms and \vater quality there is a need for extensive experimental data (Cox. 199 1). 
In terms of evaluating eutrophication, such monitoring does not quantify sources of 
nutrients or provide a means for quantitatively assessin; strategies for controlling and 
minimizing nitrogen and phosphorus loads. 
Given the nature of ECM and biological monitoring, it seems that to effectively rnonitor 
eutrophication, evaluate various land use and land management scenarios, and quanti@ 
nutrient loads while maintaining an overail picture of Stream heath, both approaches 
should be employed. Presurnably, if expoa coefficient models were constmcted for 
suEcient sites in the Grand River watershed, relationships could be developed between 
the "driving variables" nitrogen and phosphorus and "denvative variables" like trophic 
status scores or indices developed using diatoms andor macroinvertebrates, or estimates 
of peak periphyton biomass (sensu Johnes et al., 1994). In this way, nutrient 
concentrations predicted using esport coefficient moaels could be used to predict impacts 
on the structure and functioning of stream communities. 
7.1 Recommendations to~vards developing a framework for monitoring 
eutrophication in the Grand River watershed 
ECM provides a reliable. simple. inexpensive appmacli to evaluate phosphorus and 
nitrogen loading to rivers and has potential for application in the Grand River 
watershed. Export coefficients ~tsed in a mode1 constmcted to determine phosphorus 
loading to Laurel Creek proved reliable on independent assessment. and perfonned 
weI1 when used for Carroll Creek. it is likely that these coefficients can be used in 
other areas of the Grand River watershed witli similar land use and watershed 
characteristics. The nitrogen export coefficients. however. were very different for the 
Laurel Creek and Carroll Creek models. indicating t h  these models ma. be poor 
predictors of nitrogen loading. and that these coefficients are not widely applicable in 
other areas of the Grand River watershed. To develop this approach frirther. it it 
would be necessary to constnict models for other subwatersheds. usin; the same 
coefficients. and evaluate their performance. Such investigation will identiQ whether 
the same coefficients express the export of nutrients from other areas. In order to do 
this effectively, watersheds with long-term water chernistr). and discharge records 
should be chosen. with varying proportions of urban and agricultural Land use. Given 
the complexity of intemal lake processes that influence nutrient concentrations, rivers 
without reservoirs on them should ideally be used. However. since many 
impoundments exist in the Grand River watershed, useful export coefficient models 
will evennially have to include reservoir-altered systems. Measurements at the inlet 
and outlet of a number of reservoirs should be made to ailow the calcuIation of 
nutrient retentiodrelease rates that can be incorporated into export coefficient 
models. 
2. Epilithic diatom and macroinvertebrate community composition could be related to 
water chemistry and watershed land use in Laurel Creek and Carroll Creek. Such 
relationships should be evaluated at other sites in the Grand River watershed. witli 
varying proportions of forest. agricuItura1 and urban land cover in their catchments. 
Partitioning variance in the stream assemblages based on various land uses would 
then enable the use of these communities to develop bioiogical signatures of 
watershed land use. Furthermore. phosphorus and nitrogen were significantly 
correlated wit1-i the distribution of diatoms and invertebrates at the sites investigated 
indicating their utility as indicators of eutrophication. 
3. The relationship between diatoms and total nitrogen and total phosphoms in Laurel 
Creek and Carroll Creek were sufficiently strong to develop weighted-averaging 
regression and calibntion models for inferring stream water concentrations of these 
nutrients. indicating that diatoms can be used to monitor totaI nitrogen and total 
phosphorus in these streams. Moreover. Rott et al. (1 998) found that diatom analysis 
discriminated between the impacts on river water quality of treated urban wastewaters 
and diffuse nutrient sources From farrnland in the Grand River. Thus. diatom-based 
methods of assessrnent clearl y have utility for monitoring eutrophication tl~oughout 
the Grand River watershed. Using the weighted averaging techniques described in 
Chapter 6, reliable inference models could be constmcted for sites in the Grand River 
watershed to infer total nitrogen and to ta1 phosphorus concentration based on epilitliic 
diatom cornmunity structure. To develop reliable rnodels. mean values of  frequent 
total nitrogen and total phosphoms measurements should be correlated with diatom 
cornmunity structure. Sites should be selected that are distributed homogeneously 
along a gradient fkom low to high concentrations of tliese nutrients, in particular 
sufficient samples are required from oligotrophic sites for useful predictions of Iow 
nutrient conditions. Finding oligotrophic sites will present a challenge given the 
extent of agricultural and urban land use througliout the Grand River watershed, and 
the domestic sewage discharged along the lengtli of the river. Blue Springs Creek, a 
strearn in the Grand River waterslied that flows into the Eramosa River just south of 
Rockwood, is a one possibility (Peter Mason, GRCA, pers. comm.) as are the 
lieadwaters of the Grand River north of Luther Lake. Functional diatom inference 
models might also require the exclusion of sites where other environmental variables 
excessively confound the influence of total nitropn and total phosplionis on diatoms. 
Examples identified in this study were those in urban areas and sites where cattle 
tvere allowed direct access to the stream. Mowever. using mean water quality values 
to reduce temporal variability in nutrient concentrations might improve predictions 
for such sites. Overall, the results of diatom-inference rnodeIing could be used to 
develop calibration models to infer concentrations of nitrogen and pliospliorus. or 
could be used to develop an index of eutrophication. 
4. Indices developed using diatoms or  macroinvertebrates. could be related to mean 
annual total nitrogen and total phosphonis concentrations predicted using ECM for 
sites in the Grand River watershed. Nutrient concentrations predicted empirically 
could tlius be used in tum to predict impacts on the structure and functioning of 
stream cornmunities. Furthemore, these relationsliips could be used to assess the 
impact of proposed development. changes in land use. or nutrient control strategies. 
on Stream liealth as detemiined by the biota. 
5. Overall, tliese approaches would tiirther our knowiedge of the impact of 
eutrophication on streams in the Grand River watershed. and would provide valuable 
information on nonpoint sources of nutrients to the river. These sources are 
inadequately incorporated in the current Grand River Simulation Model (CHZM, 
1996), a mode1 used to predict the impact of nutrients on the Grand River by 
simulating the growth of aquatic plants and algae caused by these loads. and the 
consequent sags in dissolved oxygen concentration. improving estimates of nonpoint 
sources of nitrogen and phosphorus to the Grand River for use in water resources 
planning and management are essential if eutrophication is to be controlled. 
7.2 Conclusions 
1. ECM provided a simple, reliable approach to evaluate phosphorus loading to Laurel 
Creek and Carroll Creek. Bot11 models tvere calibrated with t 3 % for the 1995-1 996 
water year, and when the Laurel Creek mode1 was objectively assessed by running it 
For the 1977-1 978 wvater year. tlie predictrd load was within i 7 % of the obsenred 
load. The Carroll Creek mode1 was constriicted using the esport coeftïcients used for 
Laurel Creek. with some modification to separate row and non-row crops and account 
for the intensity of grazing in the watershed. It is likely diat these phosp11oms 
coefficients will perform well when assessed For other areas in the Grand River 
cvaterslied of similar [and use and cvatsrshed cliaracteristics. 
7. The Laurel Creek export coefficient model provided a simple tool for forecasting: in 
terms of phosphonis loading. the impact of future urban development planned for the 
Laurel Creek watershed. Several urban best management practice designs were 
evaluated. and it was detemined tliat phosphonis rernovai will have to be appiied to 
d l  tlie urban runoff from the waterslied to appreciably reduce concentrations in 
Laurel Creek. Overall. tliis approacli proved usehl for evaluaiing tlie impact of 
phospliorus control stntegies on niean annual pliosphonts concentrritioii in Laurel 
Creek. 
3 The esport coefficients used in the models constnicted to predict nitrogen loads to 
Laurel Creek and Carroll Creek were very different in the two waterslieds. and tliese 
models rnay be poor predictors of nitrogen loading. The total nitrogen concentration 
predicted for Laurel Creek was within f 6 % of the observed concentration when 
objectively assessed for the 1 977- 1978 water year. However, since the coefficients 
were so different in the Carroll Creek model it is clear that they are not widely 
applicable to other areas in tlie Grand River watershed. The higlier concentrations of 
nitrogen measured in Carroll Creek were rnost likely due to several factors. The 
intensity of agriculture of Carroll Creek, causing over-fertilization, groundwater 
contamination, and runoff in tile drains. as well as Iiigher precipitation and runoff and 
a greater rural population serviced by septic tanks, are Iikely explanations. niese. 
together witli tlie possibility for increased rates of denitrification il1 Laurel Creek. are 
al1 plausible reasons. Since these inputs were not measured and incorporated in the 
model directly, they are reflected in the Iiigher coefficients selected for crops grown 
in the Carroll Creelc watershed. 
4. Evaluation of macroinvertebrates and peripliyton in Laurel Creek indicated that the 
stream has been severely impacted by land use in the watershed and by the presence 
of several reservoirs in the system. Urban and agricultural Land uses in the Laurel 
Creek waterslied differentially influence water quality. wliich in turn influence the 
structure and functioning of nlacroinvcrtebrate and periphyton communities. The 
effects of development in the watershed rire exacerbated by the presence of several 
impoundments on the creek. in particular Laurel Creek Reservoir and Columbia Lake. 
Higher levels of total phosphorus. total suspended solids, biological oxygen dernand 
and conductivity were observed for urban sites. as were Iiiglier surnmer ternperatures. 
These water quality parameters. togetlier with habitat alterations resulting from flow 
regulation downstream of the impoundments and the cleanng of land for 
development. have Iiad fundamental effects on the bentliic community of Laurel 
Creek. If the watershed management strategy (GRCA. 1993) is not impleinented. 
Laurel Creek habitat and water quality will continue to deteriorate witli a concomitant 
cliange in die resident Eauna and flora. 
5 The ta~onomic structure of epilitliic diatom and macroinvertebrate communities in 
Laurel Creek and Carroll Creek was related to both water chemistry and watershed 
land use. My findings indicate that these comrnunities c m  be used as indicators of 
water quality and land use. Furthemore. these observations clearly demonstrate the 
importance of watershed land use cliaracteristics as determinants of stream biotic 
communities and their utility as indicators of catclment conditions. Although land 
use and water chemistry were independently related to diatoms and 
macroinvertebrates, a dose link was observed between land use, water chemistry and 
the biota. Studies elsewhere have found that land use patterns strongly inff uenced 
variation in stream macroinvertebrate assemblage structure (Quinn et al., 1 997; 
Richards et al., 1996). My study outlines how surrounding land use strongly 
influenced variation in diatom as well as macroinvertebrate c o m m u n i ~  composition 
in the strearns studied, indicating that both groups of organisms can be used 
effectively as monitors of watershed land use. 
6. Relationships between diatoms and total nitrogen and total phosphoms in Laurel 
Creek and Carroll Creek were suffkiently strong to develop weighted-averaging 
regression and calibrations models for inferring stream water concentrations of these 
nutrients. These were accurate within k 2.4 &1 for total phosphoms and + 2 mg/[ for 
total nitrogen. The models were found to be reliable based on an evaluation of the 
goodness of fit with and without bootstrapping. and perforrned better than other 
nutrient models for which similar assessments were made. Models were irnproved 
when seasonal variation was removed by using average water quality and diatom 
data. Overall, epilithic diatoms can clearly be used to monitor total nitrogen and total 
phosphorus in tliese strearns. 
7. The results of ECM and bioassessrnent could be related, and nritrient concentrations 
predicted empirically could thus be used further to predict impacts on the structure 
and functioning of stream communities. Furthemore. tliese relationships could be 
used to assess the impact of proposed development. changes in land use or nutnent 
control strategies. on stream heaIth as detem~ined by the biota. These approaches 
have utility for sïaluating eutropliication. in particulnr nonpoint sources of nutrients, 
in the Grand River watershed. 
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Appendix 1 
Photographs of selected diatom vahres 
from Carroll Creek and Laurel Creek rock scrapings 
Achnanthes conspima A, MAY ER 
Lengtti: 8.0um 
Achnanthes devei GRUNOW 
Length: 8.8um 
Achnanthes lanceolafa (BREBISSON) GRUNOW 
Length: 8.8um 
Side without raphe 
Achnanthes lanceolata (BREBISSON) GRUNOW 
Length: i6.0um 
Side with raphe 
Achnanfhes lauenbergiana HUSTEDT 
Length: 9.6um 
Side without raphe 
Achnanthes lauenbergiana HUSTEDT 
Length: 9.6um 
Side with raphe 
Achnanthes minufissina KÜTZING 
Length: 7.0urn 
Achnanthes minutissima KÜRI NG 
Length: 13.6urn 
Achnanthes minufissima K ~ I  NG 
Length: 7.0um 
Amphom pedidus (KÜTZING) GRUNOW 
Length: Il Aum 
Amphora pedr'cuus (KÜTZING) GRUNOW 
Length: 12.8um 




Diatoma tenuis AGARD H 
Length: %.Oum 
Diatoma vulgans BORY 
Length: 39.0um 
Diàtoma vulgans BORY Fragilaria capuclila DESMAZ~ ERES 
Length: 34.0um 
Fmgilaria construens (EHRENBERG) GRUNOW 
Length: 12.0um 
Fragilaria constnrens (EHRENBERG) GRUNOW 
Length: 8.0um 
Fragilana pinneta EHRENBERG 
Length: 16.8um 
Fragilaria pinnafa EH RENBERG 
Length: 5.6um 
Gomphonema olivaceum var olivaceum (HO RNEMANN) 
BREBISSON 
Length: i2.0um 
Gomphonema olivaqurn var olivaceum 
(HORNEMANN) BREBISSON 
Gomphonema parvulum KÜTZI NG 
Length: 20.0um Width: 6.Oum 
Gomphonema parwlum KÜTUNG 
Length: 22-Oum Width: 9.0um 
Men'dion amIam (GRÉVI UE) AGARDH 
Length: 44.0urn 
Nawcula capitata EHREN8ERG 
Length: 20.0um 
NavÏcula capifatomdiata GERMAIN 
Length: 37.6um 
Navicda ctyptocephala ~m NG
Length: 46.4urn 
NaMc& ayptotenelle LANG E-BERTALOT 
Length: 20.0um 
Navicula cryptofenella i A N G  E-BERTALOT 
Length: l3.6urn 
Navicula elignenstS (GREGORY) RALfS 
Length: 36.0um 
Navicula eliginensis (GREGORY) RALFS 
Length: 26.4um 
NavrCula gregaria DONKlN 
Length: 24.0um Width: 6.0um 
N a W a  Ienceolata (AGARDH) EHRENSERG 
Length: 44.8um 
Navicula sp. aff. M meniscula SCHUMANN 
Length: 20.0um 
Navr'cula pupula KUTZING 
Length: 20.0um 
Navkula mdiosa KÜTZING 
Length: 50.4um 
Navicula reichanîüana LANGE-BERTALOT 
Length: 15-Oum 
Navicula saprophila LANGE-BARTELOT & BONlK 
Length: 7.2um 
Navicula schmteri MEISTER 
Length: 34.0um 
Navicule schmteri MEISTER 
Navicula sp. aff. fenelloides HUSTEDT 
(possibly N. seibigi LANGE-BERTALOT) 
Length: 24.8um 
NavicuIa ttfpunctafa (OE MÜLLER) BORY 
Length: 40.0um 
Navicula trivialis LANGE-6 ERTALOT 
Length: 31 .Oum 
NsvicuIa veneta KÜTZING 
Length: 16.8um 
Navicula vindula KÜTZING 
Lengtfi: 36.0um 
Nifzschia amphibia GRUNOW 
Length: 10.4um 
Nifischia capifellata HUSTEDT 
Length: 30.0um 
Niaschia consaida KÜTZING (RALFS) 
Length: 40.0um 
Nifischia dissipata var- dissipata (KÜTZING) GRUNOW Nitrschia fonti'coa GRUNOW 
Length: 28.0um iength: 24.0um 
Nitzschia heufieuriana GRU NOW 
Length: 44.0um 
Nifzschk inmgnita LEGLER & KRASSKE 
Length: 28.8um 
Nitzschia inconspicua GRUNOW 
Length: 6.4um 
Nitzschia inçonspicua GRUNOW 
Length: 8.0urn 
Nltzschia hconspicua GRUNOW 
Nitzschia palea (KUTZING) W. SMiTH 
Length: 36.0um 
Nitzschia Iinearis (AGARDH) W. SMITH 
Length: 22.0um 
Nifzschia pusilla GRUNOW ernend LANG E-BERTALOT 
Length: 22.0um 
Nitrschia recta HANTZSCH 
Length: 43.0um 
Nitrschia socia bilis HU STEDT 
Length: 29.6um 
Niirschia solita H USTEDT 
Length: 25.6urn 







Suri'rella angustata KUTZlNG 
Length: 38.0um 
Suniella angustata K Ü ~ Z  NG Suniella brebissonr' KRAMM ER 8 iANGE-BERTALOT 
Length: 25.0um 
Defomied Navïcula tripundata 
Length: 37.6um 
Deformed Cymbella sp. 
Length: 40.0urn 
Deformeci Fragila~a ulna (NmSCH) LANGE-BERTALOT Defomed Fragilafia Ct3p~dna 
Length: 28.0um 
Appcndis 2 
Raw epilithic diatom counts for Laurel Creek and Carroll Creek 
May 1995 - February 1997 
(site ~l rrnzbers rrfrr tu tlïosc. s/z O rurz irz Fi$. Ch ïtpter 5) 
May-95 Jun-95 Jul-95 










Achnanthes minu tissima 
Achnanthes O blongella 
Achnanthes parvula 
Achnanthes semiaperta 









Amp hora pediculus 








Cyclo tella stna ta 
Cymatopleura elliptica 
Cymbella afinis 
Cym bella caespitosa 





Cymbella sp. 1 
Dia foma mesodon 
Diatoma tenuis 
Dia toma vulgans 
Diploneis oblongella 
Diploneis sp. 7 
Eunotia bilunans 






F ragilafla leptostaumn 
Fragilana pinnata 





Gomphonema aff parvulum 





Metfdion circula re 
Navicula accomoda 
Navicula a f% decussis 
Navicula aK modica 
Na vicula capitata v. capitata 
Na vicula capitatoradiata 
Na vicula clemen lis 
Na vicula cocconeiforrnis 
Navicula cryp!ocep hala 
Navicula ctyptotenella 
Navicula decussis v. decussis 
Na vicula digitulus 
Navicula eliginensis 
Navicula exigua v. exigua 
Navicula gregaria 
Na vicula halophila 
Navicula integm 











Na vicula reichardfiana 
Na vicula rhyncocephala 
Na vicula saprop hila 3 8 1 3 4  12 4 
170 
Navicula schroeten 
Na vicula seibigii 
Navicula semin ulum 
Navîcula sp. 1 
Na vicula sp. 2 
Na vicula sp. 3 
Na vicula sp. 4 
Navicula subminiscula 
Navicula tmunctata 
Na vicula trivialis 
Navicula venetata 
Na vicula ventralis 
Navicula vindula 




Nikschia dissipata v. media 











Nitzschia palea fonnis 
Nitzschia pusilla 
Nitzschia recta 
















May-96 Jui-96 Aug-96 
lc6 lc7 Ic8 lc9 (cl lc2 lc3 lc4 fc5 Ic6 lc7 lc8 Ic9 Icl Ic2 lc3 lc4 lc5 Ic6 Ic7 lc8 
May-96 Jul-96 Aug-96 
Ic6 lc7 Ica Ic9 Ic l  lc2 Ic3 lc4 IcS Ic6 lc7 Ic8 k 9  Ic l  1 ~ 2  Ic3 Ic4 1 ~ 5  ic6 lc7 lc8 
107 3 
102 3 1 2 
103 1 2 2 1 1  
Aug-96 Sep-96 Nov-96 Jan-97 Fe b-97 
lc9 Ic l  lc2 lc3 lc4 Ic5 lc6 lc7 lc8 lc9 lc2 lc3 lc6 Ic7 lc9 lc2 Ic3 Ic6 lc7 lc9 lc2 lc3 - 
Aug-96 Sep-96 Nov-96 Jan-97 Feb-97 
Ic9 Icl Ic2 lc3 lc4 Ic5 lc6 lc7 lc8 lc9 Ic2 Ic3 lc6 lc7 lc9 lc2 lc3 Ic6 Ic7 Ic9 lc2 lc3 








May-96 Jun-96 Jul-96 
cc3 cc4 cc5 cc6 cc7 cc8 cc1 cc2 cc3 cc4 cc5 cc6 cc7 cc8 cc? cc2 cc3 cc4 cc5 
1 
2 1 2 1 1 2 3 
3 1 
May-96 Jun-96 JuI-96 









Water quatity data for Laure1 Crcek and Carroll Creek 
June 1995 - February 1997 
For dnrn coZlec~edfionz Adczy - Septeniber: idl ies  represent ~~ionthly iizerrns of nf Ienst 2 scnzp les 
(site ir  rimbers refer to f hose sho ~viz  in Fi'l. C h  npter 5) 
lc4 lc5 lc6 lc7 lc8 lc9 lc4 lc5 lc6 lc7 lc8 lc9 
Conductivity (pS) COND 538 540 627 661 732 824 541 538 671 951 1182 1259 
PH PH 
Temperature (OC) TEMP 
Total phosphorus (pgll) 7P 
Soluble reactive phosphorus (pg/l) SRP 
Alkalinity (mgll CaC03) ALK 
Biological oxygen demand (mg 0211) BOD5 
Total suspended solids (mgll) TSS 
c. 
Total nitrogen (mgll) TN 
\3 
4 
Nitrate (mgll) NO3 
lc4 lc5 l c6 lc7 l c8 lc9 lc4 lc5 lc6 lc7 lc8 lc9 ICI l c2 






















Jul-96 Aug-96 Sep-96 
(c9 ICI lc2 lc3 lc4 lc5 l c6 lc7 l c8 l c9 ICI lc2 lc3 lc4 
COND 1013 642 581 607 542 535 590 745 1069 1083 577 51 O 551 57 1 
PH 8.1 8.2 8.1 8.0 7.9 8.0 7.8 7.9 8.2 8,1 7.9 7.8 7.7 7.6 
TEMP 18 16 17 17 19 18 2 2 2 2 20 19 15 17 15 18 
TP 61.2 22,4 27.3 58.2 53.9 56.2 142,4 159.1 110.1 81.8 25.4 26.8 56.4 57.4 
SRP 9.1 11,4 12,9 35.5 17,3 26.3 2.4 6.0 1.8 3.1 13.3 10.6 30.1 25,4 
ALK 244 286 255 270 263 255 199 205 228 235 262 225 243 258 
BO05 2.1 0.8 O,4 0,4 1.1 0.8 4.4 4.4 3.3 2.5 O. 3 0.5 0.7 1,1 
TSS 14,8 3,2 3.6 2,O 10,6 8.7 54.8 64,2 28,5 11.0 8.1 6.2 7.9 4.3 
TN 2.70 3.59 2.21 1.42 1.00 1,63 1.44 1.43 2.32 1.93 2.95 1.90 1.76 1.76 
NO3 1.76 2.44 1.85 1 . i l  0.71 1.11 0.65 0,69 1.42 1.14 1.95 1.38 1.34 0.98 
i. 
Sep-96 Nov-96 Jan-97 
\3 
lc5 lc6 lc7 lc8 lc9 l c2 lc3 lc6 l c7 lc9 lc2 lc3 lc6 lc7 lc9 
COND 588 517 515 622 593 569 642 726 913 1145 497 540 566 764 943 
PH 7.7 8,O 7.9 7.9 7,9 8, l  8.1 8,2 8.3 8,3 8.0 7.9 7,9 8.0 7,9 
TEMP 16 19 18 18 17 4.0 3.1 2.5 2.5 3,O -0.1 -0.1 -0.1 -0.2 -0.1 
TP 59.9 146,4 119.4 111.1 105.5 18.00 20.43 80.36 59.64 39.19 26.86 36.93 56.86 70.43 69.81 
SRP 26,7 14,9 12,l 14,1 17.6 4,57 10.57 21.21 12.36 4,86 7,64 18.64 16.29 13.64 11.79 
ALK 269 192 180 172 160 245 269 280 285 292 199 212 204 210 221 
BO05 1.1 3,8 3,l 2.6 2.0 2 , l  2.2 3.7 3.3 2,9 3.1 3.6 3.7 3.9 4.6 
TSS 10.1 48.4 50.7 44.4 33.6 3.9 0.0 23.5 16.5 8.0 13.2 6.2 23.8 64.6 43.8 
TN 1.76 1,80 1.95 2,15 2.17 1 .8 2.0 2.6 2.1 2.4 1.4 2.0 2.5 2.4 2.4 
NO3 0,98 0,86 1.05 1.30 1.25 1.4 1.6 1.6 1.7 1.9 1.3 2.1 2.4 2.4 2.5 
lc2 lc3 lc6 lc7 lc9 cc2 cc3 cc4 cc5 cc6 cc7 cc8 cc3 cc4 cc5 











O cc6 cc7 cc8 cc2 cc3 cc4 cc5 cc6 cc7 cc8 cc2 cc3 cc4 cc5 
O 










Sep-95 May-96 Jun-96 
cc6 cc7 cc8 cc2 cc3 cc4 cc5 cc6 cc7 cc8 cc1 cc2 cc3 
COND 447 490 433 537 664 642 636 613 639 638 410 569 698 
PH 8.7 8.2 8.3 7.8 7.9 8.0 8.0 8 1 8.0 7.9 7.3 7.7 8.0 
TEMP 17.7 17.6 15.3 10.9 11.5 10.8 11.2 11.6 11.2 11.0 14.1 14.2 15.7 
TP 18.57 13.79 12.05 26.43 61.39 62.89 65.46 64.82 64.71 63.26 9.00 43.71 115.29 
SRP 6.34 3.00 2.21 9.89 22.50 25.71 27.50 35.00 26.86 24.43 3.57 21.86 44.86 
ALK 193 214 230 228 242 24 0 237 230 235 240 207 262 291 
BOD5 2.3 2.0 2,2 5.6 6.8 6.3 6.4 6.3 6.4 6.3 0.7 1.1 3.2 
TSS 2.5 4.1 2.4 2.4 3.9 4.4 4.2 6.4 8.4 9.6 0.8 1.5 3.1 
TN 1.7 3.1 12.1 4.4 7.1 7.6 7.6 7.9 7.9 7.8 3.3 4.2 6.5 



























cc7 cc8 cc 1 cc3 cc5 cc7 cc8 cc 1 cc3 cc5 cc7 cc8 cc3 cc7 cc8 
COND 572 56 1 468 768 7 36 725 594 478 714 666 724 716 54 6 533 540 
PH 8,l 8.1 7.8 8.3 8.4 8,7 8.2 7,6 8.1 8.2 8.4 8.2 8.1 8.4 8.2 
TEMP 18.1 16.9 4.1 5.4 5.2 5.3 5.2 -0, l  -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 
TP 24.57 20.29 536  17.07 20.07 15.29 16.48 6.50 38.43 49.29 47.86 45.76 83.71 102.00 95.57 
SRP 6.57 4,14 2,17 754  8.92 6.72 7.27 2.71 23.79 35.86 34,14 33.64 52.43 65.14 62.36 
ALK 239 237 236 333 323 31 3 31 2 197 290 282 28 1 283 222 213 214 
B0D5 1.6 1.7 1.3 0.8 1.8 1.3 1.5 2.6 3.0 3.0 3.1 3.2 1.2 1,1 1.3 
TSS 2.5 3.3 O. O O, O O. 7 1.5 0,8 2.3 3.1 3.0 4.7 1.5 12,O 10,4 10.5 
TN 4.9 4,8 1.8 5,7 6.5 6-1 7.1 7 2  7.6 8.2 9.1 8.7 7.2 7.4 6.4 
NO3 3.4 3,5 O. 9 4,3 4.1 4.9 5.0 6.8 6.9 7.2 8.2 8.1 4.9 5.5 5.9 
